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Agenda
Los Alamos National Laboratory

ADTF LINAC Review

April 10-12, 2001

Location: TA-53, Bldg. 31
Pinon Conference Room

April 10

8:30 -  8:45 Welcome Remarks and Charge to Committee Ed Arthur

8:45 -  9:15 Overview of APT and ADTF LINAC Requirements Rich Sheffield
and Designs

ADTF Requirements and Schedule

   9:15 - 10:00 T/M Design and Resulting Requirements Mike Cappiello

 10:00 - 10:10 BREAK

 10:10 - 10:50 ADTF Accelerator Requirements Dave Schneider

10:50  - 11:00 Schedule Steve McConnell

APT-Based Systems Common to All Proposed ADTF
Accelerator Options

11:00  - 11:30 Performance of LEDA Injector and RFQ Relative to ADTF Dave Schneider
Requirements (covering design status, and cost and schedule
of remaining ED&D)

11:30  - 12:00 Superconducting beta=0.64 Design for ADTF Mike McCarthy

12:00  –  2:00 Working Lunch (LEDA Conf. Rm. TA-53, Bldg. 365)
(with tour of LEDA and CCDTL)

ADTF Reference LE LINAC Design Description

ADTF Linac Review, April 10-12, 2001

1TPO-RGN-1003

AAA



 2:00  -  2:15 Beam Dynamics  Robert Garnett

 2:15  -  3:00 CCDTL and CCL Architecture Rick Wood
(covering design status, and cost and schedule
of remaining CCDTL ED&D)

 3:00  -  3:15 BREAK

 3:15  -  4:15 Continued - CCDTL and CCL Architecture Rick Wood

 4:15  -  5:00 RF Design Options Mike McCarthy

  April 11

Alternative Superconducting LE LINAC Design Description

 8:15 -  9:05 Superconducting Architectures Tom Wangler
(with and without spoke cavity)

  9:05 -  9:45 Beam Dynamics Robert Garnett

  9:45 -10:00 BREAK

10:00 -10:45 RF Design Options Dan Rees

10:45- 11:30 Expected Reliability/Availability of Proposed Design Kris Kerns

11:30- 12:30 Cost Study Results (Advanced Energy Sytems) John Rathke

12:30  - 1:30 Working Lunch (Pinon Conf. Rm. TA-53, Bldg. 31)

SC Techinical Status/Plans

  1:30 - 1:50 Beta=0.48 Design Status, Cost, and Schedule Dominic Chan

  1:50 - 2:05 Spoke Cavity Introduction Dale Schrage

  2:05 - 2:25 ANL Spoke Cavity Tests Tsuyoshi Tajima

  2:25 - 2:45 Design of Spoke Cavity Frank Krawczyk

 2:45  - 3:05 Design of Power Coupler Eric Schmierer

 3:05  - 3:20 BREAK

 3:20  - 3:40 Cryomodules and Plant Patrick Kelley

 3:40 -  4:15 Spoke Cavity Issues, Cost, Schedule Dale Schrage
and ED&D Plan

Summary of ADTF Designs
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4:15  -  4:45 Performance and Reliability Summary, and Rich Sheffield
100 mA Capability Impacts

4:45  -  5:00 Transition Issues, Cost, and Schedule Comparisons Rich Sheffield

April 12

  8:30 -12:00 One on One Discussions and Panel Internal Discussion

12:00 -  1:00 Working Lunch (Pinon Rm. TA-53, Bldg. 31)

  1:00 -  2:00 Report of Panel and Concluding Remarks

  3:00 -  4:15 Seminar on Halo Measurements (Orange-Box Conf. Rm. TA-53, Bldg. 6)
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 — 12, 2001

Overview of APT and ADTF Linac
Requirements and Designs

Rich Sheffield
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2

APT FUNCTION: SAFELY PRODUCE
TRITIUM TO MEET DOE NEEDS

Performance Requirements

¥ Produce up to 1.5 kg of tritium per
year for a minimum of 40 years.

¥ Employ modular design that is
upgradeable to 3 kg/yr or down-
gradeable to 1 kg/yr.

¥ Protect public, workers, and
environment from radiation, toxic,
and industrial impacts; comply with
DOE, federal, state,and local
regulatory requirements.

¥ Optimize design for lowest capital
and operating costs with accept-
able technical risk.

Reference Design Solution

¥ Proton RF linear accelerator

¥ Output energy nominally 1030 MeV,
upgradeable to 1700 MeV.

¥ Output current nominally 100 mA CW

¥ Robust target/blanket for neutron and
tritium production (trip fault insensitive)

¥ Tritium production from neutron
capture in 3He gas feedstock

¥ Tritium recovery from 3He gas stream
using permeation and cryo-distillation

¥ Plant availability of at least 72%
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3

APT LAYOUT FOR THE 1 GeV, 100 mA
APT ACCELERATOR AND TARGET

NC LinacHigh-β SC Linac

 235.1m 185.4m 298.9m

211.4 MeV471.4 MeV1030.0 MeVR=27.2m

85.4m

45.0m

R=54.4m

42.7m

54.4m

17.1m

Target/Blanket

2% Beamstop
Future

Application

0.1% Beamstop

29.3m

Section 2 Section 1

Medium-β SC Linac
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4

APT LINAC MAJOR ACCLERATOR
COMPONENTS

Photograph of LEDA H+ injector including
LEBT (Low Energy Beam Transport)

Photograph of LEDA RFQ

Two-cavity cryomodule isometric
with shell cutaway.

High-energy beamstop vessel layout

Representative CCDTL structure

Representative CCL structure
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5

THE ADTF REQUIREMENTS IMPACT
ACCELERATOR DESIGN IMPLYING A

MODIFICATION OF THE APT
ACCELERATOR DESIGN FOR ADTF

¥ Significant progress has been made on the CCDTL and
CCL.

¥ Advances in superconducting technology combined
with the lower beam current of ADTF makes the
application of superconducting technology more
compelling.

¥ Initial discussions with T/M designers identified T/M
intolerance to interrupts > 0.3s. The APT design must
be modified to provide higher reliability.
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6

MAJOR ISSUES

¥ What are the ADTF requirements  for reliability, current
stability and control, power, and beam sharing
(isotopes)? Present schedule has T/M requirements
defined at the end of this calendar year. (T/M)

¥ Tritium mission: what does it mean for ADTF? (DOE)
¥ To what extent is this accelerator meant to be an ATW

prototype? (DOE)
¥ What extra investment is required for 100 mA

compatibility?
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7

SIMILARITIES BETWEEN APT AND ADTF
ACCELERATOR DESIGNS

¥ High-power CW  proton beam (MWs)
¥ No issues arose on major portions of the linac because

the design of the present components is current
independent and the same design would be used. In
particular, the RFQ and the 211 MeV to 600 MeV
superconducting portion of the linac are planned to be
incorporated into the ADTF design.

¥ Availability requirement is similar.
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8

ADTF MISSION AS STATED IN THE
CONGRESSIONAL REPORT

¥ Technology options for the transmutation of spent nuclear fuel and
waste through a series of integrated experiments aimed at
demonstrating the performance and practicality of the proposed
technologies.

¥ Safe operation of a complete system, coupling an accelerator, sub-
critical reactor, target, fuel, and balance of plant systems, both in normal
and abnormal conditions. (Imposes new req. s)

¥ The capability, through upgrades or additions, to produce tritium for
national security purposes, if required. (Forces additional constraints)

¥ A user facility that allows testing of advanced nuclear materials and
fuels, materials science research, experimental physics, and
conventional nuclear engineering applications. (Imposes new req. s)

The engineering challenges in the ADTF lie in the safe, controlled
coupling of an accelerator to a sub-critical reactor through a spallation
target. System control and safe operation will demand the
understanding and resolution of the potentially complex behavior of this
coupled accelerator/target/reactor system.
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9

SIGNIFICANT DIFFERENCES BETWEEN
APT AND ADTF ACCELERATOR DESIGNS

¥ The interaction between the sub-critical multiplier and
the accelerator adds a significant level of design
complexity that did not exist in the APT design (safety
and SCM vulnerabilities).

¥ Operating costs can drive design.
¥ APT and ADTF have different beam requirements:

—Less than 1/7 the beam current and than 60%of the beam
energy

—Imposition of a stringent beam reliability requirement

¥ The ADTF may require beam sharing.
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10

ADTF LINAC DESIGN OPTIONS

¥ Use APT design, i.e. build machine with no
modifications and with full 100 mA capability ab initio.

—Highest cost
—Least ED&D effort
—Shortest implementation

¥ Optimize the APT design for ADTF beam requirements
considering some changes in linac architecture.

—Lower cost
—Meets schedule

¥ Design from scratch and only consider less than
20 mA maximum current.

—Lowest cost option
—Uncertain schedule impact
—Uncertain ED&D costs
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OPTIMIZED ADTF LINAC DESIGN
OPTIONS TO BE CONSIDERED

1. Optimize CCDTL and CCL linac structure to minimize
RF power for 13 mA operation while being compatible
with 100 mA future operation — Presently in process.

2. Optimized 13 mA operation by replacing CCL with
ββββ=0.48 elliptical superconducting structure while
maintaining possibility for 100 mA future operation.

3. Optimized 13 mA operation by replacing CCL with
ββββ=0.48 elliptical superconducting structure and
CCDTL with spoke cavity superconducting structure
while maintaining possibility for 100 mA future
operation.
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A preliminary summary of issues pertaining to the
interface between the accelerator and

target/multiplier on the ADTF

¥ ADTF Accelerator Requirements
¥ Steps to Improve Accelerator Reliability
¥ Design Mods to Reduce T/M Sensitivity to

Beam Trips

by J. David Schneider, AAA-TPO

April 10, 2001
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Partial list of Participants and Contributors

¥ George Lawrence, LANL, retired
¥ Dean Pedersen, ANL
¥ Mike Cappiello, LANL
¥ Jim Cahalan, ANL
¥ Kemal Pasamehmetoglu, LANL
¥ Joe Herceg, ANL
¥ Rich Sheffield, LANL
¥ Floyd Dunn, ANL A

D
T

F
 Linac R

eview
, A

pril 10-12, 200141
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



3

Basic Challenge for Interfacing Accelerator and
Reactor

¥ Reactor designers view the accelerator as a black box, whose
purpose is to provide (on demand) an external source of neutrons
with no interruptions. But, all the conventional components of a
reactor must be retained, including the control rods, safety
requirements, basic configuration, and operating philosophy.

¥ By contrast, the accelerator folks tend to view the T/M as a
modified, special-purpose beam target with a life of its own, that
should be insensitive to beam trips.

¥ The myopic view would require either that the accelerator be
upgraded to live in the reactor world; or that the reactor must
adapt to accept the erratic beam from the accelerator.

¥ Our task is to find the best compromise between these two
extremes.
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4

There exists a large difference between T/M beam
reliability requirements and present accelerator

performance.

¥ Basic challenge with respect to beam trips:
— There is about four orders of magnitude difference between

the annual trip rates in commercial power reactors and
demonstrated accelerator performance.

¥ Thermal cyclic fatigue of reactor structures limits the allowable
number of thermal cycles.
— The temperature excursion and rate of temperature change

impact the damage per thermal cycle.
¥ This disparity between reactor needs and accelerator performance

can be addressed by improving accelerator reliability and/or by
making the reactor less sensitive to beam trips.
— We can do part of this immediately
— Full correction will require multiple iterations and more time.
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Reducing Beam Interrupts is a New and Challenging
Requirement for High-Power Accelerators

• Existing (LANSCE, PSI) high-power accelerators have
approximately 1 - 2 beam interrupts per hour, with durations of 1
second or greater.

¥ There are also an unknown number of very short beam interrupts;
typically not logged if < 1 second duration.

¥ In these machines, the design has given higher priority to
equipment protection and overall availability than interrupt-free
operation.

¥ New linac designs (APT, SNS) have emphasized high availability,
but again, interrupt minimization has not been a requirement.

¥ ATW systems require drastic reduction in beam interrupt rate so
that:

— damage to transmuters from thermal cycling will be low
enough to achieve practical component lifetimes
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Number and Durations of Beam Trips at LANSCE

1 0 0 0 0 01 0 0 0 01 0 0 01 0 01 01
Number per year

D
u
r
a
t
i
o
n
s
 
i
n
 

M
i
n
u
t
e
s

. 1 7 - - 1

1 - - 2

2 - - 3

3 - - 4

4 - - 5

5 - - 1 5

1 5 - - 6 0

6 0 - - 3 0 0

> 3 0 0

Frequency & Durations of LANSCE Beam Trips

Note. These data are from Marcus Eriksson’s thesis, based on the 1996--1997 LANSCE operation, for a non-optimized
accelerator, of a 35-year-old design.
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7

How to move the two incompatible systems closer
together?

¥ Improve operational reliability of the accelerator
— Modify designs
— Change operating procedures
— Use predictive maintenance

¥ Identify means of making the ADTF T/M less sensitive to beam
trips.
— Gives ability to tolerate more total trips
— Replace many abrupt trips with slow power ramp down A
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8

We cannot expect immediate closure of the four
orders of magnitude reliability disparity between the

accelerator and target/multiplier.

¥ Existing accelerator designs probably won t meet the reliability
needs of the existing reactor (SCM) designs.

¥ Conversely, the existing reactor structures may fail prematurely if
interfaced with an existing trip-prone accelerator.

¥ For ADTF to be successful, we must modify designs of both
accelerator and T/M.

¥ In addition, we can expect to change-out several ADTF
developmental components after a few-year lifetime.
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We can identify several immediate steps to improve
accelerator reliability

¥ Replace components that are shown to be unreliable
¥ Upgrade several high-voltage subsystems (injector, RF power

supplies, )
¥ Incorporate more burn-in  operation
¥ Back off from maximum levels

— Reduced currents (<<100 mA) will help significantly
— More power margin on klystrons, power supplies, & other

systems
¥ Incorporate more 24/7 operation
¥ Use sensors and computers to predict component failures
¥ Use some selected installed redundancy
¥ Incorporate fast cavity re-tuning and compensation for failed

accelerating units (SC only)
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Expectations on improving accelerator reliability

¥ LANL tests indicate promise of very long RF window lifetimes
¥ We need more operational data on support and utility systems
¥ Currently, LEDA has large numbers of trips due to false positives

on the instrumentation and protection systems.
¥ We have good prospects for getting rapid recovery from beam

trips; many can be restored in less than 300 s, most within 200
ms.

¥ Beam-power trips of less than about 300 ms should cause only
negligible thermal stresses within the Na-cooled reactor.

¥ Computers and control systems will need improvements in
robustness.

¥ Indications are excellent on injector; reliability improves with run
time.

¥ Several minor improvements are needed on the LEDA RF power
systems. For ADTF, dramatic improvements appear feasible.
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Expectations on accelerator reliability
improvements

¥ Can expect immediate improvement of perhaps an order of
magnitude over LANSCE technology. Achieving more than one
order of magnitude likely will require more than a single
generation of upgrades.

¥ We must have much more run time to generate reliability statistics
on new and relevant accelerator designs, such as LEDA.

¥ Also, to improve statistics and success rate, we should operate
beam through more accelerating structures and with more
equipment in place.

¥ Increased, sustained ADTF beam commissioning with the robust
target should get us past most accelerator-component infant
mortality.

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

50
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



12

Procedures for Improving Accelerator Reliability

¥ Minimize the total number (frequency) of unscheduled beam trips.
¥ Design modifications should permit riding through (without

tripping) a good fraction of minor faults.
¥ Sustained operation will automatically improve reliability.
¥ Minimize operational diagnostics. Improve the functioning of the

remainder. Objective is to reduce the number of false positives on
equipment faults.

¥ Running sub-systems at operational levels well below design max
points will improve reliability.

¥ Replace most-troublesome or fault-prone components with
modern, reliable designs.

¥ Burn-in or conditioning.
¥ Gradual build up to operating power levels
¥ Use of some installed redundancy
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Develop improved failure predictive capability.

¥ We must accept the fact that accelerator trips will not be reduced
to zero. However, if we can identify an operational scenario where
the great majority of beam interrupts are planned and infrequent,
then T/M damage or  disturbances will be minimized. For these
planned outages, a very gradual and controlled beam power
(current) rampdown and rampup are essential. Slow changes in
T/M power level (temperatures) will minimize the materials stress
for each interruption and thus extend the T/M lifetime.

¥ The number of planned beam interrupts should be reduced
significantly if we have a successful method for predicting
component failures. Prediction can be enhanced if we are able to
monitor performance and thus predict impending failure with
good probability. Conducting most repairs and/or replacements in
parallel during scheduled shutdown periods will minimize both the
number and durations of all beam interruptions.
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Candidate steps to improve injector reliability

Increase source lifetime
¥ Replace the ion-source microwave feed with circular polarizer

— Cuts source power requirements by 2X
— Eliminates the present microwave window

Reduce high-voltage faults
¥ Replace present extractor HV insulator with a Kofoid geometry.

— Permits use of single and smaller insulator
— Might give 8-fold voltage holdoff improvement

¥ Isolate outside of HV insulator from dirty  air environment
¥ Possible reduction of injection energy.

— Reduces number of high-voltage related beam trips
— Reduces length, cost, and power losses of RFQ
— Requires RFQ rebuild
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ADTF will require smoothly variable beam currents.

¥ We need to demonstrate an effective means of smoothly adjusting
the beam current. Possible methods include:
— A method for changing the extractor gap during beam

operations.
— Incorporation of a full-power variable iris to control the beam

admitted into the RFQ.
— Possible incorporation of intermediate and variable-voltage

electrodes in extractor gap.
¥ We also must have an automatic, independent-feedback, dynamic

current-control mechanism.
— Beam-current control must be taken from fission-neutron

fluence monitors.
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• Objectives for ATW plant accelerator design:
—reduce number of visible  († 0.3 sec) interrupts to < 1000/year
—reduce number of long-duration (‡ 100 sec) interrupts to < 30/year
—can we do it; what are the nominal design approaches?

¥ Basic characteristics that should be included in accelerator design:

—fault tolerance of linac with respect to individual accelerating modules and
focusing elements. 

—capability for rapid retuning (< 100 ms) following a fault.
—redundancy for limited-life components and subsystems.
—design and operation in conservative parameter space (voltages, power

densities, thermal management, etc.).
—reduction in total number of components, where possible.
—diagnostics to provide advance warning of component failures.

¥ The use of superconducting RF accelerating cavities has significant 
advantages for a high-reliability design.

New Approach to Accelerator Design can Dramatically
Reduce Frequency and Length of Beam Interrupts
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Beam Dynamics Error Studies for APT Linac Show
that Fault Tolerant Design is Attainable

• Simulations showed we can operate the SC linac without beam loss with:
— any single cavity failure.
— any single klystron failure (all cavities in rf module).
— any single quadrupole magnet failure.
— any single cryostat failure (all cavities and magnets).

¥ Phases of cavities downstream of failed cavities are reset after cavity or 
klystron failures.  And, the failed cavity must be detuned.

¥ Operation with failed cavities and klystrons is compensated by extra 5% 
of RF power installed.
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RF System Architecture Can be Optimized
for Lower Cost or Higher Reliability but not Both

Minimum cost RF system
– high-power generators
– multiple cavity feeds per tube

High-reliability RF system
– medium-power generators
– one cavity per tube

Resistive
Load

Hybrid
Splitter

1.2-MW 700-MHz
Klystron

Circulator

High-Power
Phase Shifter

Waveguide 
Switch

Power Coupler

Windows

Hybrid
Splitter

Resistive
Load

Power Coupler

Resistive
Load

300-kW
 700-MHz
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Injector
—LANSCE operations data show that 750-kV Cockroft-Walton injector is 

major source of beam interrupts.  ATW will use a modern 75 kV injector.
—experience with SILHI at Saclay indicates that beam interrupt rate goes to 

zero when current is decreased to 80 mA (20%below maximum)

SC accelerating cavities
—experience at Jefferson Lab. shows that cavity arc rate goes from 50 per shift 

to 0.2 per shift when EoT is decreased 5% from maximum

RF power system
—lower-power klystrons to allow lower HVDC power supply voltages

—specify, burn-in klystrons to 150% of rated power to minimize gun arcs, 
internal RF arcs, output window arcs, thermal degradation

—specify, test RF cavity windows at 5 x rating to eliminate failures
—specify, test circulators & loads to 2 x rating to eliminate failures
—minimize noise in protection circuits; eliminate most false  RF trips

¥ Total benefit from using these design rules could be more than one 
order of magnitude reduction in beam interrupt rate.

¥ Tradeoff will be increased cost of accelerator

Components and Subsystems Should be Designed to
Operate in a Conservative Regime
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Conclusions
(from George Lawrence)

¥ Goals for high-reliability ATW accelerator design: reduce beam
interrupts † 0.3 sec by up to 2 orders of magnitude; reduce beam
interrupts ‡ 100 sec to less than 30 per year.

¥ Design approach incorporates high fault tolerance, rapid retuning,
component redundancy, and conservative parameters.

¥ Cost increases for this reliability engineering may be significant.
¥ A superconducting linac design provides significant advantages

for achieving this goal.
¥ New techniques should be demonstrated that involve rapid

automatic retuning of cavities or focusing magnets after a fault
while beam is on. R&D in this and other areas is essential. ADTF
can be a test bed.

¥ A goal of reducing beam interrupts by 2 orders of magnitude is
challenging, but we are optimistic that it can be achieved using
the design principles outlined here.
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Design modifications to the Target/Multiplier can
reduce the T/M susceptibility to beam trips

Limit temperature excursions
¥ Change relative dimensions of support structures
¥ Increase coolant flow rates
¥ Provide immediate reduction in coolant flow when beam trips
¥ Use variable-speed primary coolant pump
Control rate of temperature change
¥ Use programmed, and well-controlled, beam restart
¥ Use increased volume and/or flow rate of coolant
¥ Use predictive beam shut off
Use substitute materials and modified geometry
¥ Design for robustness, not efficiency
¥ Make design modifications that facilitate a simplified replacement

of T/M components.
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Implications for ADTF Design

¥ Initial ADTF accelerator commissioning should be done with a
trip-insensitive target.

¥ The multi-year commissioning phase should result in a much-
improved operational reliability.

¥ Eventually, ADTF must show feasibility of an ATW production
facility.

¥ The prototypic (100-MW) multiplier (SCM) will be brought to full
power slowly (over several years).

¥ Some design modifications to the T/M will make it less sensitive to
beam trips; easily compatible with the now improved-reliability
accelerator.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 — 12, 2001

Schedule

Steve McConnell
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AAA Programmatic Goal requires an
operational facility within a 10 year period

¥ Preconceptual Schedule Range has been developed
consistent with this goal; major assumptions include

—Funding profile in outyears consistent with budget
request ($85M in FY02)

—Transition the APT linac design and advance key ED&D
activities in FY02 to allow final design to commence in
FY03

—Start Construction and some long-lead procurements as
early as FY04

—Accelerator Maintenance Building available for receipt
and pre-installation checkout of linac components in
FY06

—Phased startup and testing integrated with construction
sequence to allow testing to commence in FY07

—Commence integrated system testing on target in FY10

¥ Conceptual design will focus on and further develop
multiple station approach
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Additional Accelerator R&D Tasks

On LEDA:
¥ Measure and understand operational reliability
¥ Characterize operation at reduced currents
¥ Add current control
¥ Test first prototypic ADTF accelerating structures
¥ Test T/M required functions: beam-current limit,

current control, & safety beam trip.

¥ Prototype 100-MeV CCDTL & high-power test

¥ Plan for integrated testing during ADTF
commissioning

Comments by Dave Schneider, AAA-TPO
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Demonstrated Beam Performance Summary of the
LEDA

¥ The LEDA injector has demonstrated both pulsed and cw beam
operation exceeding 100 mA, with good stability and impressive
reliability.

¥ RFQ operation has demonstrated design current, transmission,
and emittance.

¥ RF power systems and RF windows have delivered design-level
performance.

¥ LEDA has successfully integrated all accelerator-related systems:
injector, RFQ, RF, diagnostics, controls, and utilities.

¥ We thus have high confidence that the basic APT accelerator
design will meet ADTF requirements.

¥ However, we suspect that meeting the T/M reliability needs may be
beyond the capability of the existing hardware and/or design.
Development and improvements are thus needed on accelerator
reliability.
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General Reliability Testing and Development
Using LEDA

¥ Use this existing accelerator to identify the components, systems,
and processes that contribute to degrading operational reliability.

¥ Embark upon a program to correct those items that have the
major contribution to degradation of reliability.

¥ Identify additional and follow-on work and design modifications
that offer promise for improving accelerator operational reliability.

¥ Perform advance planning to support the possible addition and
testing of other structures onto the output of the existing LEDA.

¥ Maintain an active lessons-learned documentation program to
capture and utilize the LEDA experience.
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T/M functions to install and demonstrate on the
LEDA injector:

¥ A method for providing smooth and precise beam-current control
¥ Maximum current limit
¥ Reliable fast recovery from beam interrupts
¥ Safety-class beam shut off
¥ Slow and precise beam current rampup
¥ Beam-current control via direct connection to a robust monitor of

T/M power level
¥ Reduction of beam-current fluctuations

Other Reliability Enhancements
¥ Ability to predict failures or impending trips
¥ Operation of a circularly polarized microwave feed
¥ Beam operation with the Kofoid HV insulator
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A preliminary test of the Kofoid geometry confirmed
a reduction of the susceptibility of the
negative triple junction  to sparkdowns.

A single reported test of
this configuration by
Kofoid indicated a 8X
improvement in voltage-
holdoff capability.

A similar voltage test at
LANL confirmed stable
operation at our maximum
voltage test capability.

Incorporation of this basic
geometry on LEDA offers
promise of a much lower
HV sparkdown rate.
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Proposed Kofoid Extractor Geometry

This geometry has been
thoroughly analyzed, tested
without beam, and offers
promise of much smaller
size, better gas flow, and
greatly improved reliability.
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Reliability tests are needed on several RF power
systems.

¥ Instrumentation sensors and electronics
¥ RF dummy loads & WG switches
¥ Cooling system sensors
¥ Oil tank connectors
¥ Circulators
¥ High-voltage power supplies
¥ RF window vacuum pumps and systems
¥ Arc sensors
¥ Klystron degradation, failure modes, maintenance
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Development is needed to demonstrate the lower-
power, broadcast-technology RF power units for

SCRF applications.

¥ RF Station Development
— 10 and 55-kW, 350-MHz systems
— 100-kW, 700-MHz systems

¥ Each is an extension of broadcast (410--840-MHz) technology
— Two are an extension of broadcast power (20--50 kW)
— 350 MHz is outside the primary frequency band

¥ Time required:
— About 1.5 years for equipment delivery, plus
— About 1 year for checkout and testing
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Other critical accelerator reliability studies and
enhancements on LEDA

¥ Must do more extended beam runs to get better failure statistics
¥ Incorporate multi-point sensors and use logic to largely eliminate

trips from single-point instrumentation failures
¥ Review and improve failure-prone instrumentation
¥ Determine if, and at what rate, RF windows de-condition
¥ Determine what operational diagnostics are most critical
¥ Refine cryopump regeneration processes
¥ Modify and verify fault reduction of cooling systems
¥ Modify operator interface to alleviate operator-error-induced beam

trips
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Integrated accelerator development must be done
on the ADTF

¥ Run extensive beam simulations to model tune-up conditions
¥ Compare initial pulsed beam with previous simulations
¥ Vary scores of parameters to establish partial derivatives for later

automatic re-tunes
¥ Tests of de-powering select SCRF cryomodules
¥ Develop the retune procedure to verify fault-tolerant operation
¥ Develop and verify beam rampup procedures
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Key Dates on ADTF Accelerator Schedule

Activity Name
Start 
Date

Finish 
Date 2 0 0 1 2 0 0 2 2 0 0 3 2 0 0 4 2 0 0 5 2 0 0 6 2 0 0 7 2 0 0 8 2 0 0 9 2 0 1 0 2 0 1 1

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Issue CDR & PEP 4/15/02

Adapt APT PD for ADTF 10/1/01 4/1/03

CD-2A Approve Linac 
Performance Baseline

4/2/03

Linac/BOP Final Design 4/2/03 10/3/05

Approve Linac/BOP for 
Construction, CD-3A

8/4/04

Procurement 8/24/04 6/18/08

ADTF Construction 8/24/04 1/20/10

Test some ADTF 
Hardware on LEDA

7/4/05 1/8/07

Linac/BOP Startup & 
Commissioning

4/10/07 1/19/10

ADTF Startup & 
Commissioning

1/21/10 4/18/11

Project Complete, 
Start Operations

4/18/11

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

76
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



13

An aggressive procurement of the first modules of
the ADTF low-energy linac offers many advantages.

¥ Proposal (as depicted on following schedule) is to proceed
immediately (as soon as funding is available) to procure one each
low-beta module of CCDTL structure and one SCRF spoke
cryomodule.

¥ LANL s role is to write the specs and requirements; and to
develop special hardware such as tuners and power couplers.

¥ Industry will do the detailed design, fabrication and delivery.
¥ Each accelerator module can be tested with beam on LEDA.
¥ This approach gives the earliest possible tech transfer, hardware

delivery, and beam test.
¥ It allows making the final ADTF technology decision based on

industry capabilities and/or beam performance.
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An Aggressive Schedule Approach for ADTF Accelerator

Activity Name Start Date
Finish 
Date

Durati
on 2 0 0 0 2 0 0 1 2 0 0 2 2 0 0 3 2 0 0 4 2 0 0 5 2 0 0 6 2 0 0 7

2000 2001 2002 2003 2004 2005 2006 2007

Complete CCDTL design for 
bid package

4/27/01 2/28/02 10.1

Rough estimate for placing 
contract for delivery of one 

CCDTL module for testing on 
LEDA prior to transfer to ADTF.

Place ad 2/28/02 4/27/02 1.9

Evaluate responses 4/27/02 7/2/02 2.2

Place contract 7/2/02 8/7/02 1.2

Construction and delivery 8/8/02 10/5/04 25.9

Acceptance, checkout 10/5/04 1/8/05 3.1

Installation 1/8/05 5/12/05 4.1

Prepare for beam 5/12/05 7/2/05 1.7

Beam tests 7/2/05
7/2/06

12/24/05
1/22/07

5.8
6.7

Move hardware to ADTF 1/22/07 10/19/07 8.9

SCRF Spoke Structures

Prepare bid package for 
spoke cryomodule

10/20/01 7/2/02 8.4
Estimate for 

preparing and 
testing first spoke 
cavity cryomodule 

on LEDA

Place ad 7/9/02 9/6/02 1.9

Evaluate responses 9/28/02 12/10/02 2.4

Place contract 12/17/02 1/30/03 1.4

Construction and delivery 1/30/03 5/12/05 27.4

Acceptance and checkout 5/19/05 12/24/05 7.2

Installation 12/24/05 7/2/06 6.2
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Activity Name Start 
Date

Finish 
Date Third Q Fourth Q First Q Second Q Third Q Fourth Q First Q Second Q Third Q Fourth Q

2 0 0 0 2 0 0 1 2 0 0 2

Third Q Fourth Q First Q Second Q Third Q Fourth Q First Q Second Q Third Q Fourth Q

Halo Measurement
  Complete Hardware 
      Installation

7/1/00 10/31/00

   Diagnostics Commissioning 11/2/00 2/15/01

  Beam Measurements 12/1/00 6/9/01

  Summarize Performance 7/1/01 9/29/01 7/1 9/29

Reliability checks 6/20/01 8/18/01

CCDTL
   Replace Defective Endwall 8/14/00 12/22/00

  Braze, tune, assm Sect 2 12/23/00 5/22/01

  Hot-model test of Sect 2 5/23/01 10/22/01

   Machining of Sect 1 6/22/00 4/21/01

  Tune, Braze, assm Sect 1 4/22/01 10/22/01

   Integrated Assm & Tuning 10/23/01 2/20/02

  Install on beamline 2/21/02
11/29/01

5/2/02
2/2/02

  Perform checks & readiness 
     assessment

3/1/02 4/30/02

  Beam Testing 5/2/02 8/1/02

  Build RCCS, vacuum 
     systems

6/2/01 11/21/01

  Prepare CCDTL diagnostics 10/1/01 2/28/02

  Integrate 350 & 700-MHz 
     LLRF

8/1/01 4/30/02

  Add, Integrate Controls 7/1/01 4/30/02

  Extended beam testing & 
     addl halo measurements

8/1/02 1/30/03

Major LEDA Activities for FY 2001

Dave Schneider, AAA-TPO March 30, 2001,    Rev 5
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LEDA Annual Funding Needs by WBS level 2

LEDA Integration

Hardware Integration

Injector + LEBT

350-MHz RFQ

700-MHz CCDTL (10 MeV)

RF power systems (HP)

Beam transport

Support systems (vac, cool, stands)

Beam diagnostics

I&C, protection, safety

LLRF power systems 

Beam stops, shielding

Facilities, upgrades & support

Permitting

Tests, operations
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The ADTF accelerator R&D program will help ensure
much-improved linac operation on the ADTF facility.

¥ Much of the accelerator benefits from extensive development and
detailed designs from APT.

¥ Proven operation on LEDA verifies the excellent integrated
operation of the injector, RFQ, RF equipment, controls, and
diagnostics.

¥ Additional development and testing on LEDA will demonstrate
improved reliability and measure beam properties. This work will
include addressing specific T/M needs.

¥ Both off-line and LEDA beam operations can better qualify ADTF
linac hardware.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

ADTF Reference Low-Energy Linac
 Beam Dynamics

Robert Garnett
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2

Outline

• Description of ADTF Reference Design Parameters
Proposed Changes from APT Baseline
Impact on Beam Dynamics / Physics

• Preliminary Beam Dynamics Results
• Summary
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ADTF Reference Design - Proposed Changes from APT

211 MeV 600 MeV
13.3 mA

700 MHz 
CCDTL/CCL

6.7 MeV

700 MHz
5-cell elliptical
ββββ=0.64

¥ Eliminate ββββ = 0.82 5-cell SC elliptical cavities - Simpler design.
¥ Eliminate 1 x 3 CCDTL cavities  Engineering considerations.
• Modify Synchronous Phase and Accelerating Gradient Ramps:
        1) More aggressive acceleration reduces overall linac length—  Saves 28 m.
        2) CCDTL heat transfer experiments show structure cooling is better 
            than expected ⇒⇒⇒⇒  Can tolerate higher structure power densities.

• Focusing period changed to 8- ββββλλλλ throughout—  increases transverse focusing.
• RF partitioning optimized for 13.3 mA changes RF module energy transitions.

Injector
and RFQ
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4

9MeV CCDTL (1 x 2-gap)

Use of this cavity type would
be extended to higher energy
from ∼ 10 MeV to ∼ 30 MeV.
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5

23MeV CCDTL (1 x 3-gap)

Use of this cavity type
would be eliminated.
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6

36MeV CCDTL (2 x 2-gap)

This cavity type would
be used from 30 - 100
MeV.
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7

Synchronous Phase and Accelerating Gradient

APT Low-Energy Linac Parameters
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8

ADTF Reference LE Linac Beam Simulations

¥ 10,000 macroparticle distributions from LEDA RFQ simulations
used as input to the PARMILA code:

Beam currents  13.3 mA, 100 mA

¥ Preliminary simulations from 6.7 to 40 MeV only

Additional cavity modeling required for 2 x 2-gap 
cavities   in progress.

¥ Ideal linac simulated  no alignment or operational errors
included.

¥ Preliminary results look excellent!
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Beam Simulation Results - 13.3 mA
10,000 Macroparticle LEDA RFQ Distribution,  6.7 - 40 MeV

ADTF low energy linac 6.7 Mev to 38.1 MeV.
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Beam Simulation Results - 100 mA
10,000 Macroparticle LEDA RFQ Distribution,  6.7 - 40 MeV

ADTF low energy linac 6.7 Mev to 38.1 MeV.
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Comparison to Baseline APT
13.3 mA LEDA RFQ Distribution,  6.7 - 40 MeV
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Bore radius transitions have changed
slightly due to cavity optimization
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Summary

¥ ADTF low-energy reference linac is based on APT.

Only minor changes are made to the design.

¥ We expect no impact on the beam physics as a result of the
proposed modifications for ADTF:

Current-Independent matching is unaffected.

Equipartitioning maintained and/or required?

Are the alignment and operational error budgets 
changed?  Error studies

¥ Preliminary simulation results show excellent performance
for the ADTF low-energy reference design.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10, 2001

ADTF Reference LE Linac
Design Description

Richard Wood
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2

NC Low-Energy Linac Topics

¥ Brief historical look at design issues and assumptions.

¥ Description of current favored  design for ADTF.

¥ Some beam dynamics results for new design. (Garnett)

¥ Update on recent ED&D efforts, results, conclusions.

¥ Remaining ED&D needs, costs, possible schedule.
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3

LEL History, Options, & Status

Shaded items are all very preliminary.

OLD  APT Costed
ADTF

New  APT ADTF
Proposal

Tolerant
ADTF Option

Focus Lattice 8/9βλ 8βλ 8βλ 8βλ 8βλ

1X2-gap
CCDTL
Final Energy 10.16 MeV 28.7 MeV 38.0 MeV 36.8 MeV 37.1 MeV

Length 11.2 m 39.3 m 45.9 m 44.9 m 47.8 m
1X3-gap
CCDTL
Final Energy 21.6 MeV - N. A. - - N. A. - - N. A. - - N. A. -

Length 19.21 m
2X2-gap
CCDTL
Final Energy 96.7 MeV 97.6 MeV 97.5 MeV 99.3 MeV 99.7 MeV

Length 83.0 m 54.7 m 45.8 m 48.2 m 48.3 m
CCL 7-cell 6-cell 6-cell 6-cell 6-cell
Final Energy 211 MeV 211 MeV 212.0 MeV 210.7 MeV 211.2 MeV

Length 95.7 m 86.2 m 88.2 m 85.7 m 85.8 m
Overall
Length

209.1 m 180.3 m 179.9 m 178.9 m 182.0 m

# 1-MW
klystrons

@100mA 52 72 61 70 65
@13.3mA 44 45 41 55
recovery

time
1-5 sec ? 1-5 sec ? 1-5 sec ? <<0.3 sec
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4

Simplified new  design side-steps several
unresolved ED&D issues.

¥ Reverts to original 8__ lattice:
—Eliminates problematic oblong  coupling cavities in 2X2-

gap CCDTL
—Eliminates equally complex bridge coupler in 1X3-gap

CCDTL.
—Increases net packing density for better efficiency.
—Possibly eliminates 3-gap CCDTL all together.

¥ Takes advantage of improved cooling results in
2X2-gap CCDTL.

—In conjunction with the higher packing factor, this allows
higher E0T, shortens linac, saves installed cost.

¥ Employ improved CCDTL cavity shapes that improve
shunt impedance and gain needed magnet clearance.
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5

In old  9 __ lattice, latter 2X2-gap segments are
too far apart for round coupling cavity

¥ Oblong  coupling
cavity was born.
Cold model by AES
is shown.

¥ Best coupling
achieved was low,
<3%.  Too low for
long Supermodule.
Might be okay with
shorter module.

¥ Longest oblong
cavity could have
competing
resonant modes.

¥ Complicated fab,
tuning, and
cooling.
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RF Modules were made shorter to address a
number of concerns.

¥ Smaller # of cavities per module decreases the number
of possible nearby structure modes.

—Removes overly tight cold  tuning tolerances.
—Relaxes coupling cavity cooling tolerances.

¥ Shorter modules avoid the significant thermal
expansion and seismic restraint challenges posed by
long Super-modules .

¥ Avoids complicated coupling cavity cooling system
that may be required with multi-klystron Super-
modules.
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Long Super-modules  raise questions about
variable coupling-cavity thermal loads which

could result in run away  stop-band problems.

¥ In original Super-module
concept, each N-klystron
module has N+1 klystrons
installed.

¥ When one klystron is down,
those remaining continue
full beam operation.

¥ This produces at least N+2
power-flow distributions,
with markedly different
c-cavity thermal loads.

¥ Probably requires tailored
coolant distribution for
each klystron combination. 0
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Reconfiguration philosophy

    All of the issues  listed above fall into one of three
categories:

¥ Perceived problems (not necessarily real).
¥ Design, fabrication, or tuning inconveniences.
¥ Simple unknowns.

    All are considered solvable, given time, people, money.
But the cost/benefit is now considered marginal for
most of them.  The proposed simplifications seem at
least prudent.

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

114
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



9

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

115
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



10

New  normal-conducting LEL design uses
higher accelerating gradient.
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Downside of 8__ lattice is tighter magnet/BPM
clearance.
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Improved cavity designs strive for better
efficiency, clearance for magnets & diagnostics.
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In the 1X2-gap CCDTL, the tightest spot is at the
first BPM location, at ~7 MeV.

¥ BPM design for this
location is mature,
and clearances are
adequate.

¥ As Beta increases,
clearance for
magnets and
diagnostics
increases
significantly. A

D
T

F
 Linac R

eview
, A

pril 10-12, 2001

119
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



14

The initial 2X2-gap CCDTL segments are
shortened to provide needed BPM clearance.

2X2-gap CCDTL now starts at
~37 MeV.  First BPM
location is shown.

Shortening the segments
penalizes the structure
shunt impedance.  But the
real estate  shunt

impedance is still very
acceptable due to the high
packing factor.

Within 10 meters, _ is
significantly higher,
allowing return to normal
cavity aspect ratio, and
better efficiency.
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ADTF LEL Beam Dynamics

Bob Garnett
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Update on recent ED&D efforts related to
CCDTL and CCL

¥ CCDTL Low-Beta Hot Model (LBHM) high
power test results, analysis, conclusions

¥ Improvements in higher Beta CCDTL cooling.

¥ Other miscellaneous.
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Coupling cavity overheating is leading suspect
for detuning in the CCDTL Low-Beta Hot Model

FY00 Recap -
¥ During high-power tests, the CCDTL LBHM suffered

significant, permanent drop in resonant frequency.
¥ Test data showed high temperatures on the

underside  of the sideways  coupling cavities.
¥ Data analysis and initial computer modeling suggested

coupling-cavity over-temp was root cause of detune,
but failed to define the mechanism.

¥ Cooling passages were added to LBHM coupling
cavities.  This markedly reduced the peak
temperatures.  But little additional detuning was seen,
even with the coolant turned off to these passages.
The damage had already been done, and it was
impossible to recreate the initial fault conditions.
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Thorough FEA effort completed in FY01.

Finite-element analysis (by AES using ANSYS):
¥ Showed plastic deformation in the vicinity of the

coupling slots due to coupling cavity overheating.
¥ Showed that plastic deformation at the coupling slot

can allow slight inward motion of cavity noses.
(Biased inward stress due to atmospheric pressure.)

¥ However, the predicted amount of detuning was much
less than that observed in the LBHM test.

¥ The significant analysis difficulty and uncertainty is in
determining the proper amount and distribution of
power dissipation in the coupling cavity.

¥ Results later corroborated by independent FEA efforts
at LANL.
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Finite-element RF, thermal, structural, and
Slater perturbation analysis shows probable

cause of detuning in Low-Beta Hot Model
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Hot Test  of LEDA CCDTL Section 2 will put
several issues to bed.

¥ Cooling channels in
coupling cavity, plus
thicker end walls
expected to eliminate
the overheating/
detuning problem.

¥ Hot RF stop-band and
heat-transfer
measurements will
help set realistic
cooling requirements,
improve cooling
designs.

¥ Shake-down of
Resonance Control/
Cooling System
hardware and logic.
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New LEL design takes advantage of advances
in heat transfer understanding.

¥ LANL conducted heat transfer experiments on
prototype 100 MeV drift tube in Fall 00.

¥ Results show that effective heat transfer rates exceed
those predicted by published correlations for
convective heat transfer in long, straight, circular
tubes.  Improvement was 2X-3X.  (CCDTL drift tube
coolant passages are not long, not straight, and not
circular.)

¥ The higher E0T in the new  design requires an
enhancement factor of only 1.5.  In addition, we still
have 10-15¡F control margin.  So proposed design is
still conservative.
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More ED&D results
(from the CCDTL perspective.)

¥ LEDA Halo experiment utilized the CCDTL
electromagnetic quadrupoles.  Good performance
validates the EMQ design, and the straight-rail/pre-
alignment concept and methods.

¥ Modeling and analysis (GA) of long  CCL inter-
segment coupling cavities suggests interference by
nearby modes.  Issue not yet resolved, but it may
require use of multi-cell bridge coupler.

¥ Design and cold model testing (GA) of a prototype U-
shaped waveguide bridge coupler  for use with the
1X3-gap CCDTL was completed and formal report
made.  (But 1X3-gap CCDTL is being eliminated from
the plan.)
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ADTF NC Low-Energy Linac.
What remains to be done?
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Several crucial ED&D items remain to be
completed

¥ High power thermal testing of LEDA Section 2.
¥ LEDA CCDTL 100 mA beam operation.
¥ Improve power coupling options for 2X2-gap CCDTL.
¥ Design, fabrication, and high power testing of 100 MeV

2X2-gap CCDTL engineering prototype.
¥ Finalize the beam-dynamics analysis/design, minimum

coupling requirements,  and cavity dimension
specifications for the rearranged ADTF LEL.

¥ Thorough analysis of structure/cooling system thermal
response to RF trip; estimate times for beam recovery.

¥ Engineering prototype of CCL segments and inter-
segment coupling cavity details.

¥ Miscellaneous mechanical features and tuning
procedures development, validation.
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Low-energy end of CCDTL is now in critical
experiment stage

¥ Section 2 Hot Model.
—Final preparations for high-power test of LEDA CCDTL

Section 2 are underway.   Tests to be completed by
9/2001.

¥ LEDA CCDTL 100 mA beam operation.
—LEDA Sections 1 & 2 plus bridge coupler on-schedule to

be ready for installation starting 9/2001.
—In-tunnel auxiliary systems are mostly incomplete and

have little or no FY01 funding.
¨ resonance control/cooling system
¨ vacuum system
¨ beam diagnostics
¨ controls & DAQ
¨ 700 MHz LLRF

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

131
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



26

Development of higher energy CCDTL details is
crucial to completing the LEL design

¥ Highest power densities in the LEL occur are on the last
CCDTL drift tubes.  (@100MeV)

¥ Cavity resonant frequency and transit-time factors are
very sensitive to average drift tube temperature (size) and
temperature distribution (distortion).

¥ Large cavity size means high stored-energy.  High
coupling factors are difficult to achieve.
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Return to the original 8__ lattice eliminated
many problems, but revived some dead ones.

¥ Primarily, we get rid of problematic oblong  coupling
cavity.  (Competing resonant modes.  Low coupling
factors.  Very difficult fabrication, cooling, and tuning
problems.  Others too numerous to list.)

BUT -
¥ Also lost  the simple bridge couplers, which housed

the waveguide power feeds.  Now must couple RF
power directly to the accelerating cavities.

¥ Iris-to-accelerating cavity is established option.
—significant tuning effects with competing geometric

factors
—cooling complications
—complicates fabrication and tuning sequence

¥ Promising alternatives exist, needing investigation.
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Necessary tests of higher-energy end of 2X2-
gap CCDTL are on hold

¥ 100 MeV CCDTL prototype and high power testing is
essential before this design can be called complete .

¥ Limited cold modeling was started in FY99-00 (at AES),
primarily to examine the oblong coupling-cavity  that
occurs in the old  9__ lattice design.

¥ Plans for copper fabrication and testing were
postponed due to lack of APT funds and resources.

¥ Already long-delayed, the 100MeV CCDTL development
was put in abeyance  following APT down-select.

¥ All supporting systems are already in place (the LBHM
test stand).  If ED&D funding is restored in FY02, the
100 MeV Hot Model could be designed, built, and
tested by mid-FY03.
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Several other Engineering issues remain to be
addressed

¥ Mechanical joints and cooling for inter-segment
coupling cavities in the 2X2-gap CCDTL.

¥ Improved tuning methods and procedures for CCL end
cells and 2X2-gap CCDTL.

¥ Module tuning provisions and procedures for direct
power coupler iris and driven cavities in 2X2-gap
CCDTL and CCL.

¥ Develop means for module-to-module vacuum
isolation in 2X2-gap CCDTL.
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Incremental Cost & Possible Duration
(Not comprehensive.  Only direct CCDTL/CCL costs included.)

Status 
(4/2001)

Possible 
Start/ Restart 

Possible 
Completion 

FY02-03 
Loaded Cost

CCDTL Section 2 Hot Tests Final Tuning Jun-01 Sep-01 na

LEDA CCDTL Operations
Sec 1&2 installation On schedule Sep-01 Dec-01 $400k

Cooling System Redesign On hold Apr-01 Oct-01 $130k
Cooling System fab/installation On hold Oct-01 Mar-02 $500k

Vacuum system design 95% soon $62k
Vac. Sys. parts, assy., check. On hold Oct-01 Mar-02 $425k

Low-Level RF system 50% Apr-01 Jan-02 $400k
Beam Diagnostics design 50%, holding ? 45 weeks $1200k
Integration and check-out Apr-01 Apr-02 $650k

CCDTL Commissioning & Operation May-02 LEDA Operations Budget

100 MeV Prototype " abeyance"
Power coupling Cold Models " abeyance" Oct-01 Mar-01 $400k
Design, Fabricate, & Tune " abeyance" Oct-01 Sep-02 $3M
High Power Testing " abeyance" Oct-02 Mar-03 $1M

CCL Prototype "abeyance" y y+12months $2M

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

136
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



31

Conclusions:

¥ We have made major progress toward development of
a working CCDTL concept, and a NC design for the
APT Low-Energy Linac.

¥ There are several aspects of the design which have not
been given sufficient attention.

¥ Recent proposed changes in architecture seek to
shorten the list of issues significantly, but there are
important details missing.

¥ Suspended ED&D tasks must be restarted, and must
be thoroughly carried out before this can be called a
complete working design.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

 High Energy Linac
RF Configurations for the
APT-based ADTF Linac

M. McCarthy   PPO

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

138
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



2

Design Considerations
*  Utility power grid impact of beam faults.

*  Maintenance access and interchangeability by design.

*  Increased reliability and control margin by derating klystrons.

*  Minimize rf transport loss:  waveguide vs coax.

*  Minimize component count to increase MTBF.

*  Minimize waveguide penetrations to reduce neutron streaming.

*  Manufacturing schedules for major rf components. 

*  Groundbreaking: 2004
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CCDTL
10 MODULES

CCL
13 modules

RFQ

2-CAV
6 modules 3-Cav

30 Modules
4-Cav

35 modules
211 MeV 1030

MeV

APT 100 mA
Configuration

4-10-01

100 mA APT & 13 mA ADTF Reference Configurations

All Klystrons are 1 MW (840 kW per module)

CCDTL
12 MODULES

CCL
17 modules

RFQ

3-Cav
27 Modules

211 MeV
600 MeVADTF 13.3 mA

Configuration

All  NC  Linac  700 MHz  Klystrons  are  1 MW
 ( providing  ~720 kW  per  NC  module )

 350 MHz
1.2 MW

RFQ Klystrons

250 kW  Klystrons   deliver
 56 kW per Cavity

to  93 SC cavities at 7-10 MV/m

2-Cav
6 Modules

5 MV/m
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Table 1-ADTF  Strawman S2 Design Parameter Summary

ADTF 13.3 mA APT
Section 5 0.64 Beta

Structure type 5-cell elliptical 5-cell elliptical
Win,section (MeV) 211 211
Wout,section (MeV) 600 471
Frequency (MHz) 700 700
Betag 0.64 0.64
E0T(MV/m) 7.0489 5
DW/cav (MeV) 3.288 to 4.219 ~ 2.55
DW/section (MeV) 389 260
Cavities/cryomodule 3 2(first six), 3
Cavities/section 93 102
Cryomodules/section 31 6 2-Cav, 30 3-Cav
Section length (m) 191.596 211.5
Cav Pwr 13.3mA(kW) 56.1 37.24
Cav Pwr 100mA (kW) 422 280
Cavities per generator 3 or 1 3
Number rf generators 31 or 93 36

Basis for RF Power Options on High Beta SC Linac
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3-Cav
31

Modules211 MeV 600 MeV

4-10-01

Klystrons or IOTs deliver
 56 kW per Cavity

to 3-Cav SC module at 7-10 MV/m

* 700 MHz, 56.1 kW delivered per cavity @ 7-10 MV/m

*168 kW per module, plus 12% control margin and 6% loss margin

* Add 25% reliability margin: 168kW*1.12*1.06*1.25 = 250 kW

* 250 kW per module rf source  or 83 k/w  rf source  per individual cavity

13.3 mA ADTF Configuration

3-Cav
31

Modules211 MeV 600 MeV
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HVPS

KLYSTRON
700
MHz

KLYSTRON
700
MHz

CIRCULATORS

SWITCHES

WAVEGUIDE
Window/
Coupler

3-Cavity
.64 Beta

SC Module

3-Cavity
.64 Beta

SC Module

HVPS

250 kW
klystrons

Galley

Tunnel

*     Reduced parts count wrt individual IOT per
cavity.

*     Sharing HVPS by non-adjacent klystrons is
feasible.

*      One Conduit per module using full height
waveguide in conduit.

*      Excellent fault recovery time.

*     Low technical risk.

*    WG splitters and loads may be moved to the
gallery to eliminate need of tunnel access.

One 250 kW 700 MHz  Klystron per SC Module

*     Averaged cavity phase and amplitude control.

*     Waveguide splitter components in tunnel.
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One klystron per 3-Cavity SC Module Configuration
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*     Individual Cavity Phase and Amplitude Control.

*     Reliable and efficient IOT power.

*     One HVPS  per three IOTs is feasible.

*      One Conduit per SC module by using 1/4 Height
waveguide in conduit or 6  coax.

*      Excellent fault recovery time and impact.

*      Reduced X-ray shielding required around IOTs.

*     100 mA operation achieved by replacing each
IOT with a 500kW klystron (@ 7 MV/m, no
additional SC modules are required).

*     Nearly three times the amount of RF 
components per superconducting  module resulting
in higher cost and complexity per module.

*     Some IOT development required.

HVPS HVPS

IOT
700
MHz

IOT
700

MHz

CIRCULATORS

SWITCHES

1 of 33 SC
Modules

80 kW
700
MHz
IOTs

HVPS

IOT
700
MHz

Gallery

Tunnel

One IOT per Cavity
Configuration

Three  83 kW 700 MHz  IOTs per SC Module
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* 35 kW  average output
power used for commercial
TV.

*  Vendor says 150 kW is not
a serious technical risk ($800-
1200 k development cost).

* Efficiency ~ 70% at all
power levels.

* Relatively inexpensive
HVPS required.  May share
one HVPS for multiple IOTs.

*Tube replacement takes less
than 10 minutes.

* X-ray shielding requirement
is minimal.

EIMAC  Inductive Output Tube
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RF System Availabiltiy Spreadsheet

One 250 kW RF Source per Cryomodule 13.3 mA capability 
HE Linac RF only 31 Modules
ADTF Estimate MTBF # MTTR MEAN TIME

(HOURS) RF System (HOURS) BETWEEN 
No Spares Component Beam-Off FAILURES
Low Energy Only with spares time (HOURS)

Solenoid PS 100000 62 8.00E-04 1613
Solid State Amp Circuit 100000 31 8.00E-04 3226
Klystron Water System 100000 31 8.00E-04 3226
Filament Power Supply 100000 31 8.00E-04 3226
VAC-ION HVPS 100000 31 8.00E-04 3226
IOC & HPP Interface 40000 31 8.00E-04 1290
PLC Controller&Connections 24000 31 8.00E-04 774
HVPS 30000 31 8.00E-04 968
KLYSTRON (250 kW) 50000 31 8.00E-04 1613
CIRCULATOR 60000 31 8.00E-04 1935
Circulator Load 60000 31 8.00E-04 1935
Waveguide/ Water Sys 100000 31 8.00E-04 3226
LLRF 50000 31 8.00E-04 1613

Tunnel Componets
Magic-Tee Loads 50000 62 4 806
Auto phase shifter 50000 62 4 806
Waveguide/Water System 100000 29 4 3448
RF WINDOW 400000 93 24 4301
Downtime per Runtime Year
Runtime Year Availability
Note: MTTR is beam-off time.  This is the time it takes to isolate an rf station and bring the beam

Cost at $3 per Watt installed. $23,250,000
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RF System Availabiltiy Spreadsheet

One 250 kW RF Source per Cryomodule
HE Linac RF only 31 Modules
ADTF Estimate MTBF

(HOURS)
No Spares
Low Energy Only 

Solenoid PS 100000
Solid State Amp Circuit 100000
Klystron Water System 100000
Filament Power Supply 100000
VAC-ION HVPS 100000
IOC & HPP Interface 40000
PLC Controller&Connections 24000
HVPS 30000
KLYSTRON (250 kW) 50000
CIRCULATOR 60000
Circulator Load 60000
Waveguide/ Water Sys 100000
LLRF 50000

Tunnel Componets
Magic-Tee Loads 50000
Auto phase shifter 50000
Waveguide/Water System 100000
RF WINDOW 400000
Downtime per Runtime Year
Runtime Year Availability
Note: MTTR is beam-off time.  This is the time 

Cost at $3 per Watt installed.

# Spares = 0
# # # DOWN

FAILURES FAILURES FAILURES TIME
PER < 100 Sec > 100 Sec (HOURS)

Runtime Year

4.8 0.0 0.0 0.0
2.4 0.0 0.0 0.0
2.4 0.0 0.0 0.0
2.4 0.0 0.0 0.0
2.4 0.0 0.0 0.0
6.0 0.0 0.0 0.0
10.0 0.0 0.0 0.0
8.0 0.0 0.0 0.0
4.8 0.0 0.0 0.0
4.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0
2.4 0.0 0.0 0.0
4.8 0.0 0.0 0.0

9.6 0.0 9.6 38.2
9.6 0.0 9.6 38.2
2.2 0.0 2.2 8.9
1.8 0.0 1.8 43.0
81.3 0.0 23.1 128.5

0.9838
am back to full operation.
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ADTF HE RF Option Summary

SC Linac 
Configuration

 Beam 
trips>300 
ms, (No. 
Faults > 
300 ms< 
100 Sec)

# Faults 
over 

100 sec.

Relativ
e 

Percent 
Availabi

lity

Relative RF 
System Cost @ 

$3.00/Watt 
(Installed).

Normal
ized 
Cost

Notes:

13.3 mA                               
One 250 kW 
klystron per 

module 

0,   (58.2) 23.15 0.984 $23,250,000 1.00 Least expensive.

13.3 mA  One 
83kW IOT per 

Cavity
0,   (142.2) 2.99 0.994 $25,574,898 1.10

Least faults under 
100 sec. Control of 

individual cavity 
phase and 
amplitude.

100 mA                                
One 500 kW 
klystron per 

cavity

0,   (142.2) 4.18 0.993 $153,450,000 6.60

Path to 100 mA 
beam. Individual 
cavity phase & 
amplitude cntl. 

100 mA                                
One 1 MW 

klystron per 
cavity

0,   (73.5) 24.69 0.983 $144,000,000 5.63
Path to 100 mA 

beam.  5 MV/m,  448 
MeV at cavity 93.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

Low Energy Linac
RF Configurations for the
APT-based ADTF Linac

M. McCarthy   PPO
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4-10-01

CCDTL
12 MODULES

CCL
17 modules

RFQ

93
Cavities

211 MeV
600 MeVADTF 13.3 mA

Configuration

All  NC  Linac  700 MHz  Klystrons  are  1 MW
 ( providing  ~720 kW  per  NC  module )

250  kW   Klystrons  deliver
 56  kW  per  Cavity   to  2 & 3-Cav

SC   modules  at  7-10  MV/m

13 mA Reference RF System
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ADTF RF Power Requirements Summary
(APT-based Reference System)

Structure
Freq 

(MHz)
No. RF 

Systems

Total RF 
Required* 

(MW)

RF Source 
Size

Utility Pwr 
Req’mnt 

(MW)
RFQ 350 3 1.7 1.2 MW 3.1

CCDTL/CCL 700 44 22.7 1.0 MW 39.1

SC Beta = 
0.64

700
33      

(93)***
9.8

250 kW   
(83 kW)***

16.9

Totals
80     

(140)***
34.2

RF Systems 
Utility Power 

Requirement =
59.1

*  Includes 6% loss 

and 12% control 
margins

** Assumes 

~50% klystron 
efficiency

***  IOT per 
SC cavity

With SC IOT 
per Cavity 56.2
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RFQ Tunnel Waveguide Arrangement Beam Power at 13.3 mA at 6.7
MeV is 89.1 kW

RFQ Cavity Copper
Power is 1.33 MW

Use two 1.2 MW klystrons
delivering 710 kW (plus
control margin and loss = 842
kW klystron output).  Center
klystron used as hot spare and
switched in to replace a failed
rf station.

Middle waveguide
assembly deleted for
ADTF.
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HVPS

KLYSTRON
700
MHz

CIRCULATOR

SWITCH

WAVEGUIDE

1 of 29 NC Modules

Window/Coupler

2 MW
klystron

HVPS

1 MW
700 MHz
Klystrons

1 klystron
 per module

(720 kW
delivered)

2-8-01

McCarthy

Circulator
Load

Beam

Gallery

Tunnel

*   Low Component Count

*   Least expensive

*   Splitter and load may be
moved to Gallery with use of
half-height waveguide in
penetration so tunnel access is
minimized.

*  Any RF  Station fault causes
beam stoppage until the fault
is repaired.

One Klystron per NC Module (29): Option 1

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

154
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



18

CPI 700 MHz 1MW Klystron in LEDA  Lead Garage.
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13 mA: One klystron per module, no spare.

5-Klystron Garage Block
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Elevation view: One klystron per module

Gallery

Tunnel
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KLYSTRON
700
MHz

CIRCULATO
RS

SWITCHES

13 mA  NC ADTF RF Arrangement

720 kW
NC Module

(1 of 29)

Window/Coupler

HVPS

720 kW
NC Module

KLYSTRON
700
MHz

HVPS

KLYSTRON
700
MHz

HVPS

Hot Spare
Klystron

Circulator
Load

Magic-Tee
Load

Gallery

Tunnel

13.3 mA Single Klystron per NC Module with Spare

                Reference Design: (Option 2)

* 2nd lowest parts count.

*  RF Station isolated in the time it
takes for waveguide switch to close
(800 ms).

*  Waveguide splitters and loads
may be moved to gallery to
minimize tunnel access time.

* Waveguide switch closure time
> 300 ms
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13 mA: One klystron per module with center spare.

NC Module
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HVPS HVPS

KLYSTRON
700
MHz

KLYSTRON
700
MHz

CIRCULATORS

SWITCHES

WAVEGUIDE

1 of 29 NC Modules

Window/Coupler

Hybrid Splitter

Only one klystron is
required to drive a
NC supermodule.

Klystrons are
running at half
nominal power
under normal

conditions.

Circ
Load

Circ
Load

Phase
shifters

half-height
waveguide

*  Klystrons running at half nominal power:
increased reliability.

*  If RF Station fails, the remaining klystron
can continue at full nominal power: beam is
off less than 300 ms.

* Failed station can be repaired during
beam operation.

*  Any waveguide component failure
that is common to both RF Stations
takes down the beam until repair is
completed.

*  Requires a reversible master and
slave  phase and amplitude control
arrangement at the hybrid combiner.

300 ms Ride Through  Configuration: (Option 3)
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300 ms Ride-Through  Technique

45 45 0

45 45

90

45 45

   0
shift

   0
shift

+45
shift

 -45
shift

0 0 0 -

Ferrite Phase Shifters
adjusts phase +/- 45
degrees within 50 ms

Failed RF
Station

Normal Operating
Condition: equal
phase and
amplitude inputs.

Relative Phase

Good RF Station
increases delivered
power 2X.

To Linac Module

90 Degree

Hybrid Splitter
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13 mA Ride-Through  Configuration

90 degree
Hybrid
Splitter

Fast
Ferrite
Phase
Shifter

t
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HVPS HVPS HVPS HVPS

KLYSTRON
700
MHz

KLYSTRON
700
MHz

KLYSTRON
700
MHz

KLYSTRON
700
MHz

CIRCULATORS CIRCULATORS

SWITCHES SWITCHES

WAVEGUIDE

100 mA  NC ADTF RF Arrangement

1 of 29 NC Modules 1 of 29 NC Modules

HVPS

700
MHz

SPARE

Window/Coupler

100 mA upgrade (APT) Configuration: (Option 4)

*  100 mA capability

*   Center spare RF  Station can
replace any of other four.

*   Replacement time = 800 ms.

*  Two rf vacuum windows rather than
four may suffice.

* More components in tunnel.

*  Larger parts count

* No 300 ms ride-through  capability.
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RF NC 100 mA Configuration
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Plan View: RF NC 100 mA Configuration
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RF NC 100 mA  Configuration
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100 mA RF NC Configuration
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*  The RFQ will continue to have nearly full incident RF
power during a beam-off condition and should stay on
resonance (approximately 1.33 MW to maintain field,
89.1 kW to accelerate 13.3 mA beam to 6.7 MeV).

*  The CCL will stay within the cavity bandwidth
during a short RF interruption. No need to go to
frequency agile  mode of LLRF control system.

*  The CCDTL will require several cavity thermal time
constants to come back to resonance after an 800 ms RF
interruption.

Operational Notes:
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ADTF RF Power ED&D Needs

*  Waveguide Switches are required to isolate an rf station while the beam is
in operation.  LEDA WG switches have shown to be troublesome (arcs at
the finger contacts caused by failed or misaligned limit switches).  A
development effort must be carried out to analyze the failures and produce
a better switch.

*  RF vacuum windows will take the beam down until repaired.  New water-
cooled planar windows (LBL-SLAC) have shown promise (hardly any arcing
and a low thermal gradient at 800 kW).  Continued testing of rf vacuum
windows is necessary.

*  RF vacuum  valves that allow a failed window to be isolated in the SC
linac have been studied and should be developed and tested.

*   Fast ferrite phase shifters should be tested for high power and reliability.
These could be very useful in eliminating waveguide components in the
tunnel.
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ADTF LE Linac RF Power Option Summary

Normal Conducting Linac 
C o n f i g u r a t i o n

 >300 ms faults 
< 100 seconds

# Faults 
over 100 

s e c .

Relative 
Percent 

Avai labi l i ty

Relative RF System 
Cost @ $3.00/Watt 

( I n s t a l l e d ) .

Normalized 
C o s t

N o t e s

13.3 mA  ADTF (Option 1)                            
One 1 MW klystron per 
module (average delivered 
power = 720 kW)

0.0 72.4 97.47% $87,000,000 0.66 Least Expensiv

13.3 mA   ADTF   (Option 2)                          
One 1MW klystron per 
module plus spare klystron 
per two modules (720 kW 
d e l i v e r e d ) .

91.2 29.3 98.76% $132,000,000 1.00 Better Availabil i

13.3 (up to 32) mA   ADTF 
(Option 3) Two 1MW 
klystrons per module, each 
is a spare for the other. 
Average delivered power 
= 360 kW 

120.2 27.9 98.90% $174,000,000 1.32

300 ms  Ride -
Through 

Capability, Bes t
Avai labi l i ty

100 Ma ADTF (Option 4)  
Two 1MW klystrons per 
module with one spare per 
two modules. 720 kW 
delivered, 29 Modules

120.2 57.0 98.05% $219,000,000 1.66 100 mA 
C o n f i g u r a t i o n
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Summary: Implementation Plan

* Fill garages at one klystron per module, begin early commissioning.

* Add spare klystrons as available, affording  flexibility in spending rate.

* Add two klystrons per module to achieve 300 ms ride-through 
capability if required by target-multiplier.

* Add  fifth klystron to NC garage set for 100 mA capability, if required.

* Replace 83 kW IOTs  in SC linac with 500 kW klystrons  (or replace 250 kW
klystrons with 1MW units) to achieve 100 mA capability, if required.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

Alternative Superconducting Low Energy
Linac Design --- Linac Architecture

Tom Wangler
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2

Why consider a superconducting low-velocity linac option?

¥ The new accelerator design goal for AAA is to reduce beam
interrupts substantially to limit thermal stresses in the target.

¥ A superconducting linac provides advantages for reducing beam
interrupts:

-Combining a small number of cells per cavity (large velocity
acceptance) with independent phasing of the cavities and larger
bore radius provides ability to continue beam delivery even with rf
module or focusing magnet failures.

-Superconducting linac allows beam continuity in presence of
common faults. Can continue running with single point failures of
RF modules, cavities, rf windows, magnets, magnet power
supplies.

• A superconducting linac also provides other significant benefits
from reduced power losses and larger apertures.

• It is important to ask whether a low-velocity superconducting linac
is a better choice for ADTF.
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Accelerating structures have now been demonstrated for
acceleration of low-velocity beams.

• LANL and Saclay/Milano have built and tested single-cell elliptical
cavities near β=0.48. High gradients (>10MV/m) at 2K were
achieved.

¥ The spoke cavity has been developed at Argonne as part of the
RIA concept suitable for the lower velocity range from about β=0.2
to 0.5.

• High gradients (>10MV/m) were achieved last week at LANL in
test of β=0.3 ANL spoke cavity at 4K.

¥ Using these accelerating structures it is now feasible to extend the
superconducting linac all the way from 211 MeV to the end of the
RFQ (6.7 MeV).
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ββββ=0.48 elliptical cavity electric field
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Spoke cavities for low-velocity applications have achieved
high-gradient performance.

¥ 350-MHz 2-gap spoke structures
for beta=0.3 and 0.4 have been
developed by ANL for the
proposed RIA project.

¥ Last week s tests of this cavity at
LANL showed excellent high-
gradient performance. A
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LANL measurements of ANL 
ββββ
=0.3 spoke cav

3/29-4/4, 2001 

1.E+08

1.E+09

1.E+10

0 2 4 6 8 10 12 14

Eacc (MV/m

Q0

4K 4K after helium processing ADTF specification.
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ADTF Superconducting Linac Present Design

14 MeV 44 MeV  600 MeV
    13.3-mA

6.7 MeV 109 MeV 211 MeV

Injector&
350 MHz
LEDA RFQ

5-cell elliptical
ββββ=0.64

¥ NC linac to 211 MeV replaced with four new SC sections each with
identical  cavity shapes and cryomodules.
¥ Conservative input power-coupler capacity < 60 kW and
accelerating gradients (<10 MV/m).
¥ Superconducting solenoid magnets used for focusing below 211
MeV.
¥ New SC low energy linac saves 57 MW ac power.

5-cell elliptical
ββββ=0.48

3-gap 
spoke
ββββ=0.34

3-gap
spoke
ββββ=0.20

2-gap 
spoke
ββββ=0.175

700 MHz350 MHz
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ββββ    = 0.175 2-Gap Spoke Resonator Geometry
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ββββ = 0.34 3-Gap Spoke Resonator Geometry
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ββββ=0.48 elliptical cavity
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APT beta=0.64 cavity
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ADTF Alternative Superconducting Linac Parameters

Section 1 Section 2 Section 3 Section 4 Section 5 Total
Structure Type 2-gap spoke 3-gap spoke 3-gap spoke 5-cell ellipt 5-cell ellipt
Frequency (MHz) 350 350 350 700 700
Cavity Geometric Beta 0.175 0.2 0.34 0.48 0.64
Cavity Bore Radius (cm) 2.0 3.5 4.0 5.0 6.5
Cav/cryomodule 4 6 6 4 3
Cav/section 32 48 48 40 93 261
No. of cryomodules 8 8 8 10 31 65
DW/cav (MeV) 0.08 - 0.35 0.33 - 0.78 0.86 - 1.40 0.95 - 2.73 4.22
Win,section (MeV) 6.7 14.2 43.5 109.0 211.0
Wout,section (MeV) 14.2 43.5 109.0 211.0 600.0
Section Length (m) 36.2 48.8 55.4 64.8 191.6 396.8
Coupler Power @
13.3 mA (kW) 4.7 10.4 18.6 36.3 56.1
No. of Cavities
per  RF Generator 1 2 2 2 3
No. of RF Generators 32 24 24 20 31 131
Magnet Type SC Solenoid SC Solenoid SC Solenoid SC Solenoid RT Quad Doublet
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Superconducting low-energy linac design choices

¥ Number of cells per cavity is chosen small enough to cover the
velocity range with just a few cavity shapes.

¥ Conservatively chosen accelerating gradients allows margin for
fault compensation.
-Eacc< 10 MV/m for β=0.64 700-MHz elliptical cavities.
-Eacc< 7 MV/m for β=0.48 700-MHz elliptical cavities.
-Eacc< 5 MV/m for 350-MHz spoke cavities.

¥ RF generator sizes chosen sufficiently small to allow continued
beam operation if an RF module fails.

¥ Design for large aperture to rms ratio especially for beam
energies above 50 MeV where activation concerns are greatest.

¥ Use superconducting solenoids to provide compact focusing
lattice to control emittance and halo growth from space-charge
forces. (β=0.48 section could use quad doublets instead.)
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RF architectures for the 5 superconducting
sections
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ADTF Superconducting Design - Beam Power
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ADTF Superconducting Design - Accelerating Gradient Eacc=E0Tmax
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Results of Five APT 5-cell Cavities

1.E+08

1.E+09

1.E+10

1.E+11
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Eacc  (MV/m)

Q0

AES (12/21/00)@JLAB

Ayako (9/27/00)

Eleanore (12/6/00)

Germaine (4/12/00)@JLAB

Sylvia (8/3/00)@JLAB

Sylvia (11/1/00)

APT Spec.
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ADTF Superconducting Design - Peak Surface Electric Field
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ADTF Superconducting Design - Peak Surface Magnetic Field
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Superconducting linac can continue delivering beam even with
component failures.

¥ Superconducting modules can be independently phased for
efficient acceleration over a wide velocity range.

¥ If there are cavity or cryomodule failures, the downstream
modules can be rephased to recapture the beam. Other cavity
gradients can be increased to restore the 600-MeV final energy.

¥ Larger bore radius allows off energy or less well focused beams
after faults to be transported to the target without significant beam
losses.

¥ Repairs can be made during scheduled maintenance.
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Simulation results for ideal linac show superconducting linac
provides ways for reducing most common beam interrupts in

the linac.

¥ Cavity failure anywhere in the linac.

¥ Detection of RF window performance degradation anywhere in
the linac.

¥ RF generator system failure anywhere in the linac.

¥ Single focusing solenoid failure anywhere in the linac: No
compensation required.

¥ Magnet power supply failure does not affect operating
superconducting magnets because the superconducting magnets
operate in a persistent current mode with no power supply
connected.
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Some additional advantages of a low-velocity ADTF
superconducting linac

• Cavity RF power dissipation is reduced by almost 105 factor; AC
operating power is substantially reduced.

-Saves 57-MW AC power out of 80-MW total for 600-MeV linac.

• Larger bore radius becomes affordable, relaxing alignment,
steering, and matching tolerances, and reducing beam loss and
activation threat.

-Aperture increases typically by factor of 2 in low-velocity linac.
-Aperture to rms size ratio from 50 to 211 MeV increases by an
average of about 40% .
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Summary

• A superconducting low-velocity linac provides more ways for
reducing beam-interrupts in the linac.

• A superconducting low-velocity linac provides larger apertures,
relaxing alignment, steering, and matching requirements, and
reduces activation threat.

• A superconducting low-velocity linac provides significantly
reduced operating power. Saves 57 MW out of 80 MW.

• The superconducting elliptical β=0.48 cavity and the
superconducting spoke cavities provide the AAA program with an
opportunity for an ADTF with a superconducting linac from 6.7 to
600 MeV.

• If ADTF goals include addressing the beam-interrupt issue,
the low-velocity superconducting linac should remain an
option.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

Superconducting Low-Energy Linac
 Beam Dynamics

Robert Garnett
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Outline

• Selection of Design Parameters

• SC Linac Beam Simulation Results

• Comparison to Baseline APT Design

• Fault / Failure Study Results

• Summary A
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Selection of Design Parameters

• LEDA RFQ output beam characteristics assumed.
• Cryomodule mechanical layout specified by engineering.
• Design Goals:

Avoid Beam Envelope Instabilities
Achieve Beam Capture
Current-Independent Focusing Lattice
Efficient Acceleration

⇒⇒⇒⇒  Selection of accelerating gradients, 
    synchronous phases, and quadrupole gradients

• Adiabatic accelerating gradient ramping is required at low beam
velocities:

High accelerating gradients ⇒⇒⇒⇒  Excessive longitudinal 
phase-advance leads to beam loss.

• Parameters are probably not yet optimized - several design
cases examined.
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Superconducting ADTF Linac Parameters

Section 1 Section 2 Section 3 Section 4 Section 5 Total
Structure Type 2-gap spoke 3-gap spoke 3-gap spoke 5-cell elliptical 5-cell elliptical

Frequency (MHz) 350 350 350 700 700
Cavity Geometric Beta 0.175 0.2 0.34 0.48 0.64

Cavity Bore Radius (cm) 2.0 3.5 4.0 5.0 6.5
L-cavity (active) (m) 0.100 0.196 0.333 0.514 0.685

L-cavity (physical) (m) 0.200 0.296 0.433 0.900 1.200
L-magnet-to-cavity (m) 0.300 0.300 0.300 0.300 0.000

L-drift1 (m) 0.300 0.300 0.300 0.100 0.616
L-drift2 (m) 1.113 1.113 1.113 1.088 0.616

L-magnet (m) 0.150 0.150 0.150 0.250 0.350
L-warm-to-cold-1 (m) 0.394 0.394 0.394 0.394 0.642

L-warm-to-cold-2 (m) 0.419 0.419 0.419 0.394 0.642
L-warm-space (m) 0.300 0.300 0.300 0.300 1.610

L-cryomodule (m) 4.226 5.802 6.624 6.183 4.571
L-cryoperiod (m) 4.526 6.102 6.924 6.483 6.181

L-focusing period (m) 2.263 3.051 3.462 3.338 6.181
Cav/cryomodule 4 6 6 4 3

Cav/section 32 48 48 40 93 261
No. of cryomodules 8 8 8 10 31 65

DW/cav (MeV) 0.08 - 0.353 0.335 - 0.778 0.863 - 1.398 0.950 - 2.727 4.219
Synchronous Phase (deg) -45 to -32 -32 -32 to -28 -28 to -25 -25

EoT (MV/m) 1.131 - 4.162 2.015 - 4.681 3.056 - 4.755 2.093 - 5.854 6.796
Win,section (MeV) 6.7 14.174 43.544 109.043 211.015

Wout,section (MeV) 14.174 43.544 109.043 211 600
DW/section (MeV) 7.474 29.37 65.499 101.957 388.985

Section Length (m) 36.208 48.816 55.392 64.83 191.596 396.842
Coupler Power @13.3 mA (kW) 4.7 10.35 18.6 36.27 56.11

Coupler Power @100 mA (kW) 35.30 77.80 139.80 272.70 421.90
No. of Cavities / RF Generator 1 2 2 2 3

No. of RF Generators / Section 32 24 24 20 31 131
Magnet Type SC Solenoid SC Solenoid SC Solenoid SC Solenoid RT Quad Doublet

Magnet Field / Gradient 1.80 - 2.32 T 2.50 - 4.00 T 4.00 - 5.40 T 4.00 - 5.63 T 4.85 - 6.05 T/m
Total Length Sections 1 - 4 (m) 205.246

L-drift2 = L-w2c1 + L-w2c2 + L-warm
L-cryoperiod = L-cryomodule + L-warm
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Synchronous Phase and Energy-Gain / Cavity
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Energy-gain is ramped
for longitudinal beam
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sections.
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Phase-Advance vs. Beam Energy
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accelerating sections.
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pushed as high as possible
to take advantage of high
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SC Linac Beam Simulations

¥ 10,000 macroparticle distributions from LEDA RFQ simulations
used as input to the LINAC code:

Beam currents - 0 mA, 13.3 mA, 100 mA

¥ Ideal linac simulated - no alignment or operational errors
included yet.

¥ Beam assumed matched at input to superconducting linac.

RFQ beam transformed to rms matched beam parameters.

Preliminary design of matching section not yet 
implemented.
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Beam Simulation Results
Ideal Linac, 10,000 Macroparticle LEDA RFQ Distribution
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Small longitudinal beam loss at 100 mA can be
corrected in next design iteration.

Particles lost from the RF bucket

13.3 mA 100 mA
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All 100 mA beam loss occurs in Section 1.
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Section 1

¥ 3 x 10-4 beam loss in Sec. 1

¥ Mean energy of lost particles
= 11.1 MeV.

¥ Power Deposited = 330 Watts

¥ Large longitudinal phase-
advance believed to cause
losses.

¥ More adiabatic acceleration in
Section 1 should eliminate
losses.

⇒⇒⇒⇒  Lower gradient ramp rate

    Additional cavities required

Section 1
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Comparison to Baseline APT Design
Transverse Beam Size - 13.3 mA
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Comparison to Baseline APT Design - 13.3 mA (cont.)
Transverse Aperture-to-Rms Beam Size Ratio
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Fault / Failure Study - 13.3 mA

¥ Studied effects of 2 types of component failures that can lead
to long accelerator downtimes (> 100 sec):

1) Magnet Failures

2) RF System Failures -

Single-Cavity Failure (quench, RF window arcing, etc.)

RF Module Failure (klystron failed, multiple cavities off)

¥ Goal was to determine tolerances to these types of faults.

¥ Locations of failures for study -

1st Solenoid of each section failed in Sections 1-4

1st Doublet failed in Section 5

1st RF Cavity or RF Module of each section failed in Sections 1-4
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Fault / Failure Study (cont.)
RF System Architecture

Section 1

RF Module  Failure = Cavity Failure

Section 2 - 4

RF Module Failure = 2-Cavity Failure

Section 5

RF Module Failure = 3-Cavity Failure

Identical to Baseline APT Design
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Fault / Failure Study Results

¥ Single-magnet failures in ideal linac appear tolerable.

Study needs to be repeated for non-ideal linac.

¥ Multiple sequential magnet failures ( >1 ) result in large beam
loss.

Loss of both magnets in a cryomodule will cause 
machine downtime.

¥ Uncompensated single-cavity or RF module failures
anywhere in the linac result in high beam loss.

Compensation for loss of a cavity or loss of an RF 
module is required and possible.

Example - Shift downstream cavity operating phases and

  increase amplitudes to restore beam energy.
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Fault / Failure Results (13.3 mA)
Maximum Beam Size -1st Solenoid Section 1 Failed
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Fault / Failure Results (13.3 mA)
Maximum Beam Size - 1st Solenoid Section 2 Failed

100 200 300 400 500 600 700

Beam Energy ( MeV )

0

1

2

3

4

5

6

7

T
ra

n
sv

er
se

 B
ea

m
 S

iz
e 

( 
cm

 )

Aperture

Superconducting ADTF Design - 13.3 mA
1st Solenoid Section 2 Failed, No Beam Loss

No Failures
1st Solenoid Failed

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

212
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



18

Fault / Failure Results (13.3 mA)
Maximum Beam Size - 1st Solenoid Section 3 Failed
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Fault / Failure Results (13.3 mA)
Maximum Beam Size - 1st Solenoid Section 4 Failed
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Fault / Failure Results (13.3 mA)
Maximum Beam Size - 1st Doublet Section 5 Failed
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Fault / Failure Results (13.3 mA)
Uncompensated Section 1 RF Module Failure (1 Cavity Off)

Particles lost from the RF bucket,

14% Beam Lost
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Fault / Failure Results (13.3 mA)
Uncompensated Section 2 RF Module Failure ( 2 Cavities Off)

Particles lost from the RF bucket,

94% Beam Lost
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Compensation of RF Module Failure

Option 1 -

Re-phase downstream cavities only

⇒⇒⇒⇒  Beam recaptured, output beam energy low.

Option 2 -

Re-phase cavities and increase amplitudes (restore nominal
beam energy)

⇒⇒⇒⇒  Restores final output beam energy.

⇒⇒⇒⇒  Can use upstream, downstream or combination of
    cavities to restore nominal beam energy.

⇒⇒⇒⇒  Number of cavities required to compensate depends
    on location of  failed cavity (magnitude of lost energy-
    gain) and operating parameters of nearby cavities.
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Fault / Failure Results (13.3 mA)
Compensated Section 1 RF Module Failure

( Single-Cavity Compensation )

No Failures Failed and Compensated

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

219
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



25

Fault / Failure Results (13.3 mA)
Compensated Section 2 RF Module Failure

( 2-Cavity Compensation )

No Failures Failed and Compensated
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Fault / Failure Results (13.3 mA)
Compensated Section 3 RF Module Failure

( 8-Cavity Compensation )

No Failures Failed and Compensated
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Fault / Failure Results (13.3 mA)
Compensated Section 4 RF Module Failure

( 2-Cavity Compensation )

No Failures Failed and Compensated
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Summary

¥ Operational parameters are a compromise between good beam
dynamics performance and efficient acceleration.

Linac design is not yet optimized.

¥ Excellent performance at 13.3 mA.

 Aperture-to-rms beam size ratio comparable to APT.

(Improved by ∼∼∼∼  40 % from 50-211 MeV)

¥ Simulations show 3 x 10-4 low-energy beam loss for 100 mA
operation.

 Beam loss can be eliminated in next design iteration.

¥ Linac design is tolerant to major component failures:

Loss of magnet or associated system components

Loss of klystron or associated RF system components

Loss of RF cavities

¥ Beam transport line to target must accommodate all beams.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

System Reliability

Kristen Kern
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Comparison of Low Energy Linac Designs
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Operational Assumptions

¥ Availability goals:
—75% overall plant availability during scheduled operation
—90% accelerator availabilty during scheduled operation

¥ Reliability goals:

—< 1000 trips per year, 0.3s to 100s in duration

—< 30 trips per year, >100s in duration

—Includes trips, not controlled shut down

¥ Operating cycle
—100 days operating
—10 days maintenance
—7960 scheduled operating hours per year
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Definitions

¥ Components characterized with
—Failure rate λ i  (λ=1/mtbf)
—Repair time τ i

¥ System
—Failure rate  λ = Σλi

—Number of failures in t: N = λt
—Average repair time τ =Σλiτi/Σλi

—Availability A=1/(1+λτ)

¥ Redundancy
—Replace repair time with switchover time
—Done on component, assembly, or system level

¥ Calculations
—Long-term steady-state averages
—Do not include infant mortality
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Rest of Accelerator Segment From APT Models

System Availability
(%)

Total
Failures

0.3-100 sec
(Trips)

>100 sec
(Trips)

Injector 99.3 92 80 12

6.7-211 MeV Linac

6.7-211 MeV Linac RF

SCL 99.5 31 0 14

SCL RF 99.5 69 0 1

HEBT 99.6 14 0 5

Cryogenics 99.9 19 0 1

Diagnostics 99.8 1 0 <1

Accelerator Support 97.5 8 0 6

Total (w/o LEL) 95.2 234 80 40
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RF System Data

Component MTBF
(hr)

Source

Transmitter 8000 SNS/APT Vendor Analysis

HVPS 20,000 APT Vendor Analysis

Klystron 30,000 Engineering Judgement

Circulator 50,000 Engineering Judgement

Circulator Load 50,000 Engineering Judgement

Waveguide/water system 100,000 Engineering Judgement

Auto Waveguide Switches 40,000 Engineering Judgement

LLRF 50,000 Engineering Judgement

Fast Ferrite Wave Shifter 50,000 Engineering Judgement

Magic Tee Loads 50,000 Engineering Judgement

Remote Phase Shifter 50,000 Engineering Judgement

RF Window 100,000 Engineering Judgement

MTBF data are estimates for 1 MW systems.

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

244
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



7

Single RF Station Repair Times

Transmitter 1
HVPS 0.3
Klystron 0.73
Circulator 3.5
Circulator Load 3.5
Waveguide/water system 2
LLRF 1

Waveguide Switches 2

Magic Tee Loads 8
Remote Phase Shifter 8
Waveguide/water system 8
RF Window 8   NC

16 SC

T
un

ne
l

G
al

le
ry

All times in hours

HVPS

KLYSTRON
700
MHz

CIRCULATOR

SWITCH

WAVEGUIDE

1 of 29 NC Modules

Window/Coupler

2 MW
klystron

HVPS

1 MW
700 MHz

Klystrons

1 klystron
 per module

(720 kW delivered)

2-8-01

McCarthy

Circulator
Load

Beam

Gallery

Tunnel
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CCDTL/CCL

¥ Consists of 29 modules, all required
¥ Availability 98.6

—Potential for long outage due to coolant-vacuum leaks

¥ No short outages: 0.3 sec to 100 sec
¥ 22 long outages: >100 sec

—Magnet PS
—RCCS
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CCDTL/CCL RF Power

29 modules
1 RF Station per module
1 module with a spare
1 spare for every 2 modules
44 total RF stations

Switch to spare takes approximately 60 seconds.

Failures per year
70 active RF stations
14 tunnel components

7 hot spares

Impact
70 outages for switchover (60 sec)

14 outages >100 sec

Availability = 98.6%

Probability of second failure is small
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Superconducting Low Energy Linac

¥ 4 sections to 211 MeV
¥ Each section can operate with one RF station off line
¥ Ride through for

—Loss of RF power
—Loss of a single magnet

¥ 156 RF station failures
Section Availability (%) 0.3 - 100 sec (trips) >100 sec (trips)

1 99.7 0 4

2 99.7 0 4

3 99.7 0 4

4 99.6 0 5

RF 99.9 0 1

Total 98.6 0 18
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Comparison of Systems

System Availability
(%)

Total
Failures

0.3-100 Sec
(trips)

>100 sec
(trips)

Rest of Accelerator 94.7 234 80 40

6.7-211 MeV Linac 98.7 71 0 17

RF 99.9 156 0 1

Total 93.4 461 80 58

System Availability
(%)

Total
Failures

0.3-100 Sec
(trips)

>100 sec
(trips)

Rest of Accelerator 94.7 234 80 40

6.7-211 MeV Linac 96.6 192 0 22

RF 98.6 90 70 14

Total 90.2 516 150 76

Normal Conducting Linac

Superconducting Linac

Availability
(%)

0.3-100 Sec
(trips)

>100 sec
(trips)

Goal 90 1000 30
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Summary

¥ Requirements
—Availability Goal - both designs meet
—Outages 03 sec to 100 sec - both designs meet
—Outages >100 sec

¨ Neither design meets
¨ SC design has fewer failures

¥ Results reflect
—Long term, steady-state behavior
—Not commissioning/infant mortality
—No detailed modeling of other systems
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

ββββ=0.48 Design Status, Cost, and Schedule

Dominic Chan
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ββββ=0.48 Section Extends Superconducting RF Linac
Advantages With Minimum Increase in Development Cost

¥  ββββ=0.48 elliptical cavities cover an energy range presently
covered by the Coupled Cavity Linac

—There is no increase in the types of structures to develop

¥  ββββ=0.48 technology has already been developed
—Designs developed for ββββ=0.64 Section will be used
— ββββ=0.48 section will have similar schedule as ββββ=0.64 Section

—If spoke-cavity sections exist, we can also consider
cryomodule designs with solenoids

¥  ββββ=0.48 SC Linac has reliability advantages
—Reduce probability of beam halo interception with 5-cm

aperture radius
—Allow operations with component failures

Proposed development costs less than the saving of one-year operating
cost and has no impact to ADTF construction schedule
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ββββ=0.64 and 0.48 Technologies Are Interchangeable

¥ Same couplers
¥ Same tuners
¥ Scaled helium

vessels
¥ Scaled

cryomodules
¥ Same quadrupole

focusing lattice

¥ Shorter niobium
cavities

—Mechanical
stability issue to
be addressed

Sample Lattice with 2-Cavity Cryomodule
With ββββ=0.64 Technology

*ββββ=0.48 cavity and coupler requirements are,
respectively, 6 MV/m and 300 kW@100mA

ββββ=0.48

ββββ=0.64
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Only Differences Will Be in the Niobium Cavities
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Cell Length of ββββ=0.48 is 75% of That for ββββ=0.64

ββββ=0.64 (10…)

ββββ=0.48 (9…)

*Endcell shapes are shown
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We Have Two ββββ=0.48 Single-Cell Cavities
Successfully Tested in 1998 Showing No Multipacting

¥ Eacc of 12.3 MV/m achieved;  Q-value of 7 x 109@ 6MV/m
¥ Cavities had 3… wall slopes and used stiffeners
¥ New design will reduce cost by eliminating stiffeners

—Stiffeners were eliminated in ββββ=0.64 cavities by using larger
wall slope and wall thickness
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Comparing Parameters of ββββ=0.64 and 0.48 Cavities

2.0x105@100mA3.9x105@100mA1.5x106 @ 20mAExternal Q

4.05.05.0Cell wall thickness (mm)

8.07.56.5Aperture radius (cm)
@coupler

6.55.04.0Aperture radius (cm)

10.07.0 - 8.55.0 - 6.0Cell wall slope (degrees)

>2.601.501.35Cell-to-cell coupling (%)

191.0107.579.5ZT2/Q (ΩΩΩΩ)
10.5010.505.90Pcav (W)  @6MV/m

22.420.112.7U (J)  @6MV/m

149134153Geometric factor

9.4x1098.27x1099.54x109Qo  @16 nΩΩΩΩ
70.076.659.0Hpk/Ea (Gauss/(MV/m)

3.383.643.58Epk/Ea

0.690.510.50Cavity length (m)

700700704Frequency (MHz)

ββββ=0.64 (APT)ββββ=0.48 (ADTF)ββββ=0.47 (Saclay)

*Parameters for ADTF β=0.48 cavities are working progress
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Saclay/Milano Is Working on ββββ=0.47 5-Cell Cavities
Similar to  ADTF Requirements

¥ One single-cell cavity was built with reactor-grade niobium
(RRR=58) and tested (see test results below)

¥ Fabrication of one single-cell cavity with RRR=250 niobium
is scheduled to be completed in two months

¥ Two 5-cell cavities with RRR=250 are scheduled for
fabrication this year in Zanon

Zanon Cavity Z101 Tested at CEA/Saclay
RRR= 58, beta=0.47, T = 1.6 K

1.E+08

1.E+09

1.E+10

1.E+11

0 5 10 15

Eacc (MV/m)

Q
0

QUENCH
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The Path Towards ββββ=0.48 Section Is A Straight Forward
Extension of Our ββββ=0.64 Section Experience
Core Program
¥ Design cavity with mechanical stability

—Eliminate stiffeners by trading off among
parameters including peak surface fields, cell
wall slope, and cell wall thickness

—Optimize linac architecture for high real-estate
gradient

¥ Build and test two simple  ββββ=0.48 5-cell
cavities without helium vessels

—Determine performance margins

¥ Design cavities with helium vessels

Optional Program
¥ Build and test two cavities complete with

helium vessels
—Demonstrate integrated cavity and coupler

performance in ββββ=0.64 cryomodule

Saclay has expressed interest in collaborating with us
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Cost and Schedule Summary

2.82.7Program
Total

0.50.0FY04

1.90.8FY03

0.41.9FY02

OptionalCore

¥ Core Program will deliver by March, 2003 (1.5 years)
—Design ββββ=0.48 cavities complete with helium vessels
—Build and test of two simple  cavities w/o helium vessel

¥ Optional Program will deliver by July 2004 (adding 1.3 years)
—Build and test three cavities complete with helium

vessels

¥ Cost numbers are in M$, no niobium cost for Core program,
no escalation for inflation, fully burdened LANL labor rate,
and with 20% contingency

¥ Work starts in October, 2001
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Conclusion

Based on ββββ=0.64 technology, a SCRF ββββ=0.48

Section can be developed with minimum
development work to enhance ADTF linac
performance
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Top-Level Schedule

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

293
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



13

Single-Cell Test Results from 1998
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Advanced Accelerator Applications 
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

ANL Spoke Cavity Tests

Tsuyoshi Tajima
Alan Shapiro, Mike Madrid, Frank Krawczyk, Richard LaFave, 

Brian Haynes, Bob Gentzlinger, Debbie Montoya, Randy 
Edwards
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Objectives of ANL Spoke Cavity Test

• Familiarize ourselves with this type of cavity
• Benchmark simulation codes for designing
• Validate applicability of our technology for APT 

cavities to spoke cavity
– Buffered Chemical Polishing (BCP)
– High-Pressure Rinsing (HPR)
– Clean assembly and preparation
– RF measurement procedure 

• Predict achievable cavity accelerating field Eacc and 
quality factor, Q0.
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History of Spoke Cavity Development

• Started at Argonne National Laboratory (ANL) in 1991 
for acceleration of high-current ion beams to high 
velocity.

• A modification of coaxial half-wave/quarter-wave 
resonator because:

– This geometry is easier to fabricate reliably
– It can be straightforwardly extended to multi-gap designs.
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History of Spoke Cavity Development

• A 2-gap, 855 MHz, β=0.30 cavity was fabricated and 
tested successfully (1991-1992).  Eacc=7.2 MV/m (CW)

• Lower frequency spoke cavities were designed to 
allow:

– Larger bore radius
– Reduction of number of cavities (more economical)

• Two 2-gap, 350 MHz, β=0.3/0.4 cavities were fabricated 
and tested at ANL (1998- ).

– So far, the highest field of 9 MV/m has been obtained with 
β=0.4 cavity (conditioned with 5 kW high power pulse in 
addition to high-pressure rinsing).
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History of Spoke Cavity Development
(Test result at ANL)
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Spoke Cavity on Loan from ANL

• Frequency 340 MHz
• β = 0.291
• Made of bulk Niobium 

(housing 1/8 in, central 
spoke 1/16 in. thick) 

• Parts 150 µm electro-
polished before fabrication

• BCP 50 µm after fabrication
• High-pressure spray rinse
• Tested at ANL at 4.5 K (Eacc

~5 MV/m, ~7 MV/m with 
heavy electron loading)
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Tests Using ANL Spoke Cavity

• At room temperature,
– Tuning sensitivity measurement and comparison with 

simulation codes
– Axial field profile measurement and comparison with 

simulation codes

• At low temperature (4 K ~ 2 K),
– Quality factor versus accelerating field measurement at 4 

K and 2 K
– Quality factor versus temperature measurement
– Surface resistance (inversely proportional to quality 

factor)

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

318
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



8

Room Temperature Tests
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Summary of Room Temperature Tests

• Frequency: 339.6994 MHz (Calculation  was 0.26 % lower.)
• Tuning sensitivity: 9.356 MHz/in. (Calculation was 20 % 

higher)
• Spring stiffness: 34.4 lb/mil. (calculation was 29 % higher)
• Results of field profile measurement showed uniform 

deformation while tuning.  Also, simulation results showed 
excellent agreement with measurement as shown below.
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Low Temperature Tests

• Preparation and testing
– Surface was etched 100 µm to remove field emission source(s)
– High-pressure (1000 psi) rinse with ultra-pure water in the 

class-100 clean room
– Assembly of RF couplers, vacuum valve, etc. in the clean room
– Pump down and baking at 150 °C on the spoke and 80 °C at 

indium joints
– Insert the cavity into cryostat and pre-cooled to 250 K by filling 

outer layer of cryostat with liquid nitrogen
– Fill cryostat with liquid helium to cool down cavity to 4 K
– After the measurement at 4 K, pumped down cryostat to cool 

down further to 2 K (24 Torr) or below
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Low Temperature Tests
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Test Results @ 4 K and 2 K

ANL β=0.29 spoke cavity Q vs. Eacc
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Summary of ANL Cavity Tests

• Successfully benchmarked simulation codes with the 
tests at room temperature

• Results of low temperature tests showed:
– High quality of our preparation techniques
– Full applicability of our superconducting laboratory 

facilities to the testing of spoke cavities
– High gradients (>12 MV/m) and high quality factor (2x109

at 350 MHz and 4 K) can be achieved with spoke cavities.
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 ����  12, 2001

Design of the Spoke Cavities

Frank Krawczyk
Richard LaFave

Brian Haynes, Eric Schmierer, Dale Schrage, Tsuyoshi Tajima
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2

Objectives

/ Provide βs and geometries of cavities:
� Real estate gradients, achievable energy gains

/ Provide interface requirements with subsystems:
� Main coupler, vacuum, diagnostics

/ Provide mechanical properties:
� Stiffening, tuning forces, tuning ranges

/ Provide RF losses at operating field level

⇓⇓⇓⇓
1 Length and layout of accelerator
2 Layout of cryomodules
3 Sizing of cryosystem
4 Cost
5 Performance comparisons
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Advantages of Spoke Resonators

/ High mechanical stability ( pill-box  with internal bar)
/ Can be used at lower ββββ than elliptical cavities
/ Diameter: λλλλ/2 instead of λλλλ  (350 MHz cavity size

comparable to 700 MHz elliptical structure)
/ Peak field ratios of ββββ=0.175 structure comparable  to

ββββ=0.64 elliptical cavity
/ Gap-to-gap coupling independent of beam pipe

aperture
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4

Spoke Resonator Design Issues

/ Interaction of beam-dynamics simulations, RF and
mechanical properties:
/ ββββ=0.175, 2-gap resonator (lowest reasonably effective ββββ)

/ ββββ=0.2, 3-gap resonator (increase of real-estate gradient)

/ ββββ=0.34, 3-gap resonator (good match between low ββββ
structures and ββββ=0.48 elliptical cavity)

/ RF design has to be integrated cavity-coupler design

/ Achievable gradients driven by peak field ratios:
Established procedures focus on spoke shape and
end-wall choice (see Delayen (Jlab),  Shepard (ANL))
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ββββ = 0.175 2-Gap Spoke Resonator Geometry
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6

RF Design and Properties

* on test stand @ 12 MV/m
Optimized Geometry

Non-Optimized Geometry

0.175 0.200 0.340 ANL 0.3 APT 0.64
Frequency [MHz] 350 350 350 350 700
Tg 0.796 0.787 0.769 - 0.650
Tmax 0.811 0.790 0.777 0.910 0.700

Q0 (70/16 nΩΩΩΩ) 1.72E+09 1.34E+09 1.28E+09 1.01E+09 9.40E+09

ZT2/Q [W] 134 214 318 295 191
Epk/E0T 2.84 < 3.60  < 3.47 3.18 3.38
Bpk/E 0T [G/MV/m] 69 < 96 < 104 85 70
G [ ΩΩΩΩ] 120 94 90 70.7 149
Qx (nom.) 1.90E+05 1.10E+05 1.10E+05 - 2.00E+05

E0T (nom.) [MV/m] 5.00 5.00 5.00 6.00
Bpk @ E 0T [G] 350 TBD TBD - 420

Bpk in testing * [G] - - - 1000 840
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7

Mechanical Properties
/ Vacuum loading at 2 Atm:

� Variation with stiffening ring diameter
� Optimized for ββββ=0.175
� Stresses < 75% Nb yield at room temperature
� Frequency change < 100 kHz

/ Tuning sensitivities:
� Variation with stiffening ring diameter
� Optimized for ββββ=0.175
� Maximum excursion: stresses < Nb yield strength

at room-temperature
� Tuning range: at least ± 140 kHz

/ Lowest mechanical resonances:
�  longitudinal/torsional
�  All modes above 270 Hz
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Result of Design Review for ββββ=0.175 Spoke

� Review by Delayen, Rusnak, Shepard (01/23/2001)
� RF design advanced (ββββ=0.175 cavity ready for final design)

� Mechanical design good
� Overall project (beam dynamics, coupler, tuner,

cryostat, ) needs to catch up

� 4K is desired operation temperature (2222)
� Get obtainable/required Qext for 100 mA beam (2222)
� Complexity reduction by using a "standard" coaxial

coupler? (yes, 2222)
� HOMs: only concern would be potential of resonant

excitation of mode by bunch repetition (TBD)
� Do not over design cleaning capability, so far operation

was good even for simple cleaning procedure (depends
on desired gradients, see ANL cavity test)
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Results from Spoke Design Work

/ Beam-dynamics:                    Cavity-ββββs, transit-time factors,
     achievable gradients

/ For beam-test:                       Fully optimized ββββ=0.175 cavity

/ RF performance:                   Peak field ratios ⇒⇒⇒⇒  gradients of > 5 MV/m
/ Cavity-coupler system: Electric coupling meets required Qext  

⇒⇒⇒⇒     lower complexity and cost
/ Mechanical properties:        Vacuum loading ⇒⇒⇒⇒  stiffening;

Tuning forces/sensitivities ⇒⇒⇒⇒  tuner specs
/ Cryostat:                                 Designs with all subsystems compatible 

with space envelope
/ Cryo-system:                        Cavity RF loads  ⇒⇒⇒⇒     cryo-plant design

/ All spoke geometries:          Common port-sizes for main coupler, 
  Diagnostics ports ⇒⇒⇒⇒     Lower cost, effort
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 � 12, 2001

Power Coupler Design Concept for the
Low-Energy Linac

Eric Schmierer

(Matt Fagan, Brian Haynes, Frank Krawczyk, Phil Roybal, Joe Waynert)

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

334
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



2

Overview

• Power coupler requirements for sections 1-3
(beta = 0.175, 0.2, and 0.34 spoke cavities)

• Design objectives and approach
• RF characteristics
• Conclusions
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Spoke Cavity
Input Coupler Power Requirements

couplers per  power requirement (kW, CW)

section cavity β cavity type
section        

(one per cavity)
13.3 mA beam 

current
100 mA   

beam current

1 0.175 2-gap spoke 32 5.2 39.3
2 0.2 3-gap spoke 48 10.3 77.8
3 0.34 3-gap spoke 48 18.1 135.7
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Design Objectives and Approach

1) Simple coupler design:
– we selected an antenna-type concept based on the KEK

TRISTAN normal-conducting design (225 kW, CW to beam)
– the design concept is less complicated than the APT ED&D

coupler however retains its advantages
2) Minimal effort for beam current changes:

– one design for all spoke cavities capable of 100 mA beam
current operation (~140 kW, CW power transmission)

– increasing from 13.3 to 100 mA only requires adjustment of
the center conductor length

3) Design must be producible by industry:
– industrial experience exists with similar coupler components

e.g. Toshiba Co. (Japan), Hitachi-Haramachi Co. (Japan), CPI
(USA), and EEV (UK)

– no new processes or technology are incorporated in concept
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Power Coupler Schematic

WR2300
waveguide
interface

IR camera
ports

center
conductor

coolant
plenum

vacuum
port

window
coolant

port

vacuum vessel
interface

flange

40 K
thermal

intercept ββββ = .34
spoke

resonator

cylindrical
window
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Power Coupler Isometric and Section View
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Coax Dimensions and Multipacting

• The coax was sized to avoid the known multipacting
power bands scaled from the experience of CERN

• 75 Ohm, 100 mm dia. was chosen

diameter (mm) 100 100 75 75 50
impedance (Ohm) 75 50 75 50 50

MP Order    multipacting power band average power (kW)    
7 48 32 15 10 2
6 52 36 16 11 2
5 88 60 29 19 4
4 176 118 56 37 7
3 234 152 72 48 10
2 448 300 146 97 19
1 640 428 203 136 27

Band encountered for 100 mA Band encountered for 13.3 mA
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RF Match

• The power reflection was minimized using HFSS
– reflection coefficient, S11 = -41 dB (0.008 %)
– bandwidth +14 / -10 MHz at S11 = -20 dB (1 %)
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RF Coupling to Cavity

• Our MAFIA calculations for Qext were verified by
experiments on the ANL spoke cavity

• We can achieve the required Qext by coupling to the
cavity electric field with an antenna tip

For 100 mA

MAFIA model of ββββ = 0.175
cavity w/ coupler tip

cavity β
Qext 

required
Qext calculated 

with MAFIA* 
0.175 1.9E+05 7.0E+04

0.2 1.1E+05 7.0E+04
0.34 1.1E+05 TBD
*calculated with flush tip condition
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Coax Length was Optimized by a
Balance of these Factors

Factor Goal
Affect on 
Length

thermal standoff in 
vacuum tank

minimize refrigerator 
heat load increase

pumping speed at 
ceramic window

mimimize pressure and 
conditioning time decrease

overall dimensions 
of coupler

minimize envelope in 
tunnel decrease

standing wave 
locations

minimize electric fields 
at ceramic window increase
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Conclusions

• A design concept based on a successful coupler
operating at KEK has been chosen

• The design is simple while retaining the advantages
of the successful APT ED&D coupler

• It has been optimized for avoiding multipacting and
for good RF transmission

• We are poised to begin detailed design
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

Low Energy Linac (LEL) Spoke Cavity
Cryomodule and Refrigeration

J.P. Kelley
P. Roybal, R. LaFave, R. Gentzlinger, J. Waynert
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Cryomodule Overview

¥ Cryomodule Purpose
—House superconducting beam transport elements

¨ Cavities and Solenoid Magnets
—Provide ingress and egress of:

¨ Power, Instrumentation, Cryogens
—Fit in the APT Tunnel

¥ LEL Cryomodule Types (2)
—Spoke Cavity Modules  (3 different lengths - §  = 0.175, 0.2 and 0.34)
—Elliptical Cavity Modules (§ = 0.48)

¥ Focus of Presentation
—§ = 0.34 Spoke Cavity Cryomodule.

¨ Elements shown are similar to all ADTF spoke cavity cryomodules.

¥ Goal
—Provide a design that can easily be built by industry

¨ Accel, CERCA and Ansaldo have all built cryomodules
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Spoke Cavity Cryomodule Form

¥ Physical Form
—Driven by beam physics.

—Similar to that of PETRA and HERA at DESY
¨ Ingress and egress of cryogens at center of module

—Permits axial assembly approach
¨ Axial assembly used by PETRA, HERA, TESLA, CEBAF,

CEBAF Upgrade, SNS, TRISTAN, KEK-B

§ = 0.2 or 0.34 Cryomodule

Distribution

Coupler

Bayoneted Transfer Lines

Plan View

Beam
Line
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Spoke Cavity Cryomodule - Flowsheet Details

¥ Cavity Cooling
—Thermosyphon Driven Flow

¥ Solenoid Magnet Cooling
—Supercritical Helium Forced Flow (4 atm, 4.5 K)
—Conduction Cooled Current Leads (20 A/magnet)

¥ Shield/Intercept Cooling
—Supercritical Helium Forced Flow (4 atm, 40 K)
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Spoke Cavity Cryomodule - Flowsheet

Shield

Coupler

He Vessels

SC Magnet

Supercritical Helium Supply (4 atm, 4.6 K)
Supercritical Helium Return (3.5 atm)Supercritical Helium Coupler/Shield Supply (4 atm, 40 K)

Cryomodule

Power Leads (20 A)

Power Leads (20 A)

Beam
Diagnostics

Distribution System 
Valve Box

Cooldown Supply

Low Pressure Helium Return (1.2 atm, 4.5 K)

JT

Thermosyphon Return Manifold

Thermosyphon Supply Manifold

Shield

Shield

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

349
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



6

Spoke Cavity Cryomodule Clean Room Assembly

¥ Known - relative positions of beam center line, coupler inner
flange and foot pads.

¥ Helium vessel assemblies (cavity/coupler/helium vessel)
—Are mounted on pre-aligned strong-back
—Fiducials are added to outer coupler flanges (for relating position

of beam tube centerline to coupler outer flange)
—Beam tubes are installed.
—Temporarily locked-down to strong-back

¥ Solenoid magnet assemblies
—Are mounted on the strong-back.
—Beam tubes are installed (cavity to solenoid, solenoid to ambient).

¥ Transfer alignment data to fiducials on outer coupler flanges
¥ Final lock-down to strong-back
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Spoke Cavity Cryomodule Clean Room Assembly - Figure

Mount Helium Vessel
Assemblies and Solenoids

Add Beam Tubes
and Heads

Solenoid

Head

Beam Tube

Helium Vessel
Assembly

Coupler 
Spool

Strong-back

Movable
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¥ Remainder of assembly performed outside the clean room

¥ Mount tuner assemblies
—Tuner - Same as the APT Tuner
—Cold Motor - Saclay-TESLA-SNS Pedigree
—Piezoelectric actuator - Used by Saclay

¨ Allows for cavity detuning in < 300 msec.

¥ Mount manifolds
—2  tube supply, 4  tube return, 1/2  tube cooldown supply

¥ Add multilayer insulation blanket (MLI - 15 layers) and Mu
metal shield (0.040  thick)

Spoke Cavity Module Final Cold Mass Assembly
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Spoke Cavity Module Final Cold Mass Assembly - Figure

Mount Tuners

Mount Manifolds

Add MLI and
Mu Metal Shield

6.62 m
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Spoke Cavity Module Final Assembly

¥ Insert cold mass assembly into prefabricated Tee section
—Tee thermal shield (Cu), magnetic shield (Mu metal - 0.040 ) & MLI

blankets (4 @ 15 layers ea.) preinstalled.

¥ Mount vacuum vessel cylinders to Tee section
—Thermal shield, MLI blankets, magnetic shield preinstalled (similar

to CEBAF s approach).
—Thermal shield & MLI blanket bridges made.

¥ Mate couplers/solenoids to vacuum vessel
—Couplers are only mechanical support for helium vessel assemblies
—Solenoids use compression post support

¨ Similar posts used by SSC, RHIC, LHC

¥ Remove strong-back
¥ Install current lead feedthroughs
¥ Install Tee-section head/internals - make pipe connections
¥ Install end caps
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Spoke Cavity Cryomodule Final Assembly - Figure

Tee Vacuum Tank with
Preinstalled Shields

and MLI (access ports not shown)

Cold Mass Assembly
On Strong-back

Access Head with
Thermosyphon Tank

End Cap 
(Large)

Annular Head
 (2X)

Vacuum Tank with
Preinstalled Shields

and MLI (2X)

End Cap (Small)

2.08 m

1.32 m

1.58 m
1.32 m

1.17 m
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Spoke Cavity Cryomodule Summary

¥ Adopted concepts and components from previous programs -
minimize risk.

¥ Thermosyphon cooling - improves thermal performance.
¥ Coupler supported cavities

—simplifies assembly,
—minimizes thermal shorts, magnetic fringe fields, and
—reduces part count.

¥ Axial insertion
—minimizes clean room time and
—simplifies assembly.

¥ Similar work has been done by industry.
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¥ Flows
—2 K Circuit (0.48 § Cryomodule only)

¨ Supply - 2.2 K, 4 atm
¨ Return - 2 K, 0.028 atm

—4.5 K Circuit
¨ Supply - 4.6 K, 4 atm
¨ Return - 4.5 K, 1.286 atm

—40 K Circuit
¨ Supply - ~ 38 K, 4 atm
¨ Return - ~ 55 K, 4 atm

¥ Equivalent 4.5 K Heat Loads (Based on the APT § =
0.82 Cryomodule)

— ~ 13 kW
¨ About 80% the capacity of the CEBAF Cryoplant

LEL Refrigeration
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LEL Refrigeration - Conceptual Layout

4 K Cold
Box

Cryoplant

Refrigerator
Valve Box

Header
Valve Box

Header 
Turn-around 

Box

Cryomodule
Valve Box

2 K Cold Box

Header 
Turn-around 

Box

Cryomodule

Distribution

Linac

Cryoplant

Distribution

Linac

Header Transfer Line

Refrigerator Valve Box to 
Header Valve Box Transfer Line

Cryomodule Valve Box to
Cryomodule Transfer Lines

4 K and 2 K Cold Box to Refrigerator 
Valve Box Transfer Lines

Cryosystem Cryosystem
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 – 12, 2001

 ADTF SPOKE CAVITY
ED&D PROGRAM

Dale Schrage
LANL/LANSCE-1
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ED&D OBJECTIVES

¥ UNDERSTAND & DEMONSTRATE
PERFORMANCE OF KEY COMPONENTS
OF A SUPERCONDUCTING LOW ENERGY
LINAC FOR ADTF

¥ VALIDATE COST ESTIMATES
¥ VALIDATE SCHEDULE ESTIMATES
¥ PREPARE FOR PLANT DESIGN
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PROPOSED ED&D PLAN
1a DEVELOP SPOKE CAVITIES FOR

THREE DIFFERENT BETAS
1b DEVELOP SPOKE CAVITY POWER

COUPLER
1c DEVELOP SPOKE CAVITY TUNER
2 DEMONSTRATE 10 & 55 kW IOT-

BASED RF SYSTEMS
3 TEST ββββ = 0.175 SPOKE CAVITY ON

LEDA
4 DESIGN/FAB/TEST SPOKE CAVITY

CRYOMODULE
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ED&D EFFORT ALLOCATION

ACTIVITY LEAD
ORG.

FAB. TEST

1a SPOKE CAVITIES LANL INDUSTRY LANL
1b SPOKE POWER

COUPLER
LANL INDUSTRY LANL

1c SPOKE TUNER LANL INDUSTRY LANL
2  RF SYSTEMS LANL INDUSTRY LANL
3  LEDA TEST LANL INDUSTRY

& LANL
LANL

4  SPOKE
CRYOMODULE

PRIME INDUSTRY PRIME
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SPOKE CAVITY
DEVELOPMENT OBJECTIVES
¥ OPTIMIZE THREE CAVITY DESIGNS USING

ELECTROMAGNETIC & STRUCTURAL
CODES

¥ VALIDATE CAVITY SURFACE TREATMENT
PROCESSES & PLAN

¥ VALIDATE ADTF ACCELERATOR
GRADIENTS

¥ VALIDATE CAVITY, POWER COUPLER, &
TUNER COSTS & SCHEDULE
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SPOKE CAVITY
DEVELOPMENT PLAN

¥ DESIGN/FAB/TEST THREE CAVITIES:
         2-gap @ ββββg = 0.175
         3-gap @ ββββg = 0.200
         3-gap @ ββββg = 0.340

¥ DEVELOP HELIUM VESSEL
¥ CAVITIES & HELIUM VESSELS

FABRICATED IN INDUSTRY
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POWER COUPLER
DEVELOPMENT PLAN

¥ BASED ON HIGHEST POWER
REQUIREMENT @ 100 mA

¥ DESIGNED @ LANL
¥ FABRICATED IN INDUSTRY
¥ TEST @ LANL ON MODIFIED APT/ED&D

POWER COUPLER TEST STAND
¥ AVAILABLE FOR LEDA BEAM TEST
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SPOKE TUNER
DEVELOPMENT PLAN

¥ ESTABLISH TUNER REQUIREMENTS
¥ DEMONSTRATE FAST DE-TUNING OF

CAVITIES
¥ INTEGRATE WITH CAVITY & HELIUM

VESSEL
¥ DESIGNED @ LANL
¥ FABRICATED IN INDUSTRY
¥ TEST @ LANL
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RF POWER SYSTEMS
DEVELOPMENT OBJECTIVES

¥ DEMONSTRATE PERFORMANCE AND
RELIABILITY OF LOW COST IOT
GENERATORS, POWER SUPPLIES, &
TRANSMITTERS
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RF POWER SYSTEMS
DEVELOPMENT PLAN

¥ PROCURE & TEST 10 & 55 kW IOT TUBES,
POWER SUPPLIES, & TRANSMITTER

¥ IMPLEMENT RF TEST STAND USING
MODIFIED APT/ED&D EQUIPMENT

¥ 10 KWATT TUBE, POWER SUPPLY, &
TRANSMITTER WILL BE AVAILABLE FOR
LEDA BEAM TEST (WAVEGUIDE IS IN
PLACE)
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LEDA BEAMLINE
TEST OBJECTIVES

¥ DEMONSTRATE OPERATION OF
SPOKE CAVITY WITH BEAM

¥ CHARACTERIZE BEAM PROPERTIES
¥ VALIDATE BEAM DYNAMICS CODES
¥ DEMONSTRATE VALIDITY OF LLRF

FAST ALGORITHMS DEVELOPED
UNDER ββββ = 0.64 ED&D
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LEDA BEAMLINE
TEST PLAN

¥ DESIGN/PROCURE SIMPLE CRYOMODULE
FOR A SINGLE 2-gap @ ββββg = 0.175 CAVITY

¥ USE EXISTING LEDA DIAGNOSTICS &
ROOM TEMPERATURE QUADRUPOLES

¥ INSTALL ON LEDA BEAMLINE FOLLOWING
6.7 MeV RFQ

¥ OPERATE WITH BEAM UP TO 100 mA
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SPOKE CRYOMODULE
DEVELOPMENT OBJECTIVES

¥ ESTABLISH COST OF SPOKE
CRYOMODULE

¥ VALIDATE ASSEMBLY PLAN
¥ VALIDATE PROJECT SCHEDUE
¥ VALIDATE PREDICTION OF THERMAL

LOADS FOR DESIGN OF CRYOPLANT A
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SPOKE CRYOMODULE
DEVELOPMENT PLAN

¥ DESIGN/FAB/TEST PROTOTYPE
MULTI-CAVITY CRYOMODULE

¥ INTEGRATE WITH CAVITY, POWER
COUPLER, & TUNER DESIGNS

¥ PROCURE to SPEC & TEST
SUPERCONDUCTING SOLENOID A
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ED&D COST BASIS
¥ LABOR & PROCUREMENTS BASED ON

AVERAGE RATES DURING FY2001 -
FY2004 @4% INFLATION

¥ LABOR HOURS INDEPENDENT OF
ORGANIZATION

¥ LEDA OPERATIONS COST NOT INLUDED
¥ LANL LABOR RATES @ CAPITAL

BURDEN RATE (14%)
¥ PRIME CONTRACTOR LABOR RATES
¥ 30% CONTINGENCY
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COST UNCERTAINTIES
¥ ESTABLISHMENT OF ADTF

REQUIREMENTS
¥ FUNDING PROFILE
¥ LANL BURDEN RATE:

14% @ CAPITAL
42% @ OPERATING

¥ AVAILABILITY OF PERSONNEL A
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ED&D SCHEDULE BASIS
¥ LABOR REQUIREMENTS

INDEPENDENT OF ORGANIZATION
¥ ASSUMES FUNDING IS AVAILABLE

WHEN REQUIRED
¥ NO SIGNIFICANT STAFF ADDITIONS
¥ SOME WORKFORCE LEVELING
¥ 25% TIME CONTINGENCY A
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SCHEDULE UNCERTAINTIES

¥ ESTABLISHMENT OF ADTF
REQUIREMENTS

¥ FUNDING PROFILE
¥ AVAILABILITY OF PERSONNEL
¥ VENDOR SELECTION PROCESS
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ADD FIRST PAGE OF
SCHEDULE PLOT
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ADD SECOND PAGE OF
SCHEDULE PLOT
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ADD SUMMARY
SCHEDULE PLOT
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ED&D COST & SCHEDULE
ACTIVITY LEAD

ORG.
COST

$K
COMPLETION

1a SPOKE CAVITIES LANL $8,600 1Q FY04

1b SPOKE POWER
COUPLER

LANL $4,400 2Q FY04

1c SPOKE TUNER LANL $1,900 2Q FY04

2 RF SYSTEMS LANL $8,200 1Q FY04

ED&D SUBTOTAL LANL $23,100 2Q FY04
3 LEDA TEST LANL $18,100 3Q FY05

4 SPOKE
CRYOMODULE

PRIME $9,700 3Q FY05

CD3A DOE N/A Aug 23, 2005
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EFFECT OF 100 mA
REQUIREMENTS

POWER COUPLERS
  20 kW @ 13.3 mA
144 kW @ 100. mA

¥ MORE SPACE CONSTRAINTS IN
CRYOMODULE DESIGN:
@20 kW, USE OF 3-1/8  CO-AX INSTEAD OF
WR2300 MIGHT BE POSSIBLE A
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EFFECT OF 100 mA
REQUIREMENTS

RF POWER SYSTEM
¥ LARGER KLYSTRON GALLERY CROSS-

SECTION
¥ LARGER PENETRATIONS FROM KLYSTRON

GALLERY TO TUNNEL
¥ MORE PENETRATIONS FROM KLYSTRON

GALLERY TO TUNNEL
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CONCERNS
ED&D PROGRAM HAS NOT BEEN

THOROUGHLY PLANNED
¥ TRUE TO SOME EXTENT DUE TO LIMITED

TIME, PERSONNEL, AND FUNDS
¥ PROGRAM DOES ADDRESS MAIN ISSUES:

CAVITY PERFORMANCE
POWER COUPLER PERFORMANCE
TUNER PERFORMANCE
HIGH POWER RF SYSTEM PERFORMANCE
LLRF SYSTEM PERFORMANCE
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CONCERNS
TECHNICAL RISK
¥ ANL CAVITY HAS BEEN SHOWN TO MEET ADTF

TECHNICAL REQUIREMENTS
MEASURED E0T = 10.5 MVolt/Meter @Q0 = 5.0 108

   12.0 MVolt/Meter @Q0 = 1.5 108

REQUIRED  E0T =    4.8 MVolt/Meter @Q0 = 5.0 108

¥ LANL CAVITY DESIGN HAS BETTER RF
PARAMETERS (LOWER EPEAK/E0T & BPEAK/E0T)

¥ WE WILL EXCHANGE TECHNOLOGY
INFORMATION WITH RIA PROJECT
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CONCERNS
COMPATIBILITY WITH ADTF SCHEDULE
¥ REALISTIC ED&D PROGRAM SCHEDULE (25%

CONTINGENCY) WILL PRODUCE NO DELAY IN
ADTF PROJECT SCHEDULE

¥ SCHEDULE DOES NOT REQUIRE SIGNIFICANT
STAFF ADDITIONS

¥ SCHEDULE DOES NOT REQUIRE SIGNIFICANT
FACILITY REVISIONS

¥ SUPERCONDUCTING CAVITIES ARE BUILT IN
US, EUROPEAN, & JAPANESE INDUSTRY
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CONCERNS
INTEGRITY OF COST ESTIMATE
¥ ED&D PROGRAM COST ESTIMATE (30%

CONTINGENCY) IS REALISTIC
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Advanced Accelerator Applications
(AAA)

ADTF Linac Design Review
April 10 — 12, 2001

SUMMARY OF ADTF DESIGNS
100 mA DESIGN IMPACTS

COST AND SCHEDULE COMPARISONS

Rich Sheffield
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SUMMARY OF SC and NC DESIGN
COMMON FEATURES

¥ Physical layout of accelerator does not change in
going from 13 mA to 100 mA

¥ Current-independent focusing-lattice designs
(0-13 mA).

¥ Meets schedule for beam operations.
¥ Capital costs effectively the same.
¥ The injector as is currently operational would be the

major source of faults. ED&D is required to improve
injector performance.

¥ An average real estate gradient of ~ 1 MV/m.
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SUMMARY OF NC DESIGN
FEATURES AND ISSUES

¥ Features :
—CCDTL linac design status is further along than for the spoke cavity.
—CCLs has been operated CW (Chalk River and NBS).
—CCDTL is a combination of a CCL and a DTL.
—We have a high degree of confidence that CCDTL thermal issues

have been resolved.
—We expect better beam quality preservation resulting in less

emittance growth and halo formation. This effect is most
pronounced for the 100 mA operation.

—The magnets are outside of the structure and are easily accessible
for maintenance.

—The oxygen free copper structure is robust and will not be
susceptible to failure.

—Present design allows rapid restoration of RF power following an RF
system failure.

¥ Issues:
—Hot model test of CCDTL sections required.
—High-power RF switch development required.
—Hot model test of CCL section should be done.
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SUMMARY OF SC DESIGN
FEATURES AND ISSUES

¥ Features:
—SC linac requires significantly lowers the total linac (0 - 600 MeV) AC power at

13 mA (23 MW vs. 80 MW, a savings of 57 MW).
— Independently controlled RF modules (installed redundancy) allow adjusting

phasing and amplitude of RF modules to compensate for faults of individual
cavities, klystrons, or focusing magnets.

—The ββββ=0.48 elliptical cavity design can be adapted from the prototyped ββββ=0.64
cavity design.

—Larger bore radius relaxes alignment and steering tolerances, as well as
reducing the possibility of beam loss.

—Stable operating temperatures reduces or eliminates out-of-lock beam trips.
—More CW operating experience exists for SC linacs than for NC linacs.
—Each differing ββββ SC structure would have generic replaceable modules.

—The cryoplant is already extant since the majority of the linac (211 MeV to 600
MeV) is superconducting.

¥ Issues:
—Prototype power coupler, cavity tuner, and cryomodule for SC spoke

resonators must be completed.
—Are stiffeners required for the ββββ=0.48 elliptical cavity design?

—SC design is not as far along as for NC design.
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BEAM CURRENT CONSIDERATIONS

¥ Simultaneous operation of multiple beamlines is
expected later in the program. ED&D program required
to develop reliable (i.e. safe) beam sharing technology
such that we cannot overdrive a target station.

¥ Design both normal conducting and superconducting
for 100 mA capability.
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IMPACT OF 100 mA, 1 GeV
REQUIREMENT ON ADTF DESIGN
ASSUMING NO MAJOR REDESIGN

¥ Normal conducting accelerator cavities (CCDTL and CCL):
Very limited impact. The RF power coupling iris in the copper
structure has to be sized for the operational current. The
coupling iris will not be re-machined if 100 mA operation is
required, so the RF has to be sized for the extra reflected
power at 100 mA current (4.5 MW extra out of 44 MW).

¥ For all superconducting cavities (spoke, ββββ=0.48, and ββββ=0.64):
Very limited impact. We do not propose to redesign the
power coupler, but have the coupler sized for 100 mA
operation. By adjusting the coupler penetration in the cavity,
the coupling can be matched to the beam current.

¥ Facilities: Minimal impact.
—Klystron gallery, waveguide penetrations, and permanently

installed utilities need to be sized for additional klystrons.
—Building layout must be compatible with a high energy

extension.
—Negates possibility for beamline spurs at intermediate energies.

A
D

T
F

 Linac R
eview

, A
pril 10-12, 2001

395
T

P
O

-R
G

N
-1003

A
A

A
A

A
A



7

PROPOSED CAVITY ED&D PLAN

¥ Sections 1 and 2 of CCDTL: Finish fabrication, install,
and operate on LEDA.

¥ 100 MeV CCDTL section: Construct and test full-power
copper cavity.

¥ CCL Section:  Construct full-power copper section.
•  ββββ =0.48 cavity: Fabrication of 5-cell cavity. RF test

cavity in cryo-laboratory.
¥ Spoke cavity: Fabrication of cavities, power coupler,

and tuner. RF test completed cavity. LEDA test. A
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INCREMENTAL COST AND SCHEDULE SUMMARY

-$16.3M

-$9.6M

+$0.0M

Yearly
Op Cost
Impact*

+1yrs(a)+(c)+(d)
= +$30.1M
(+$51.0M)

+$2M(b)
+$9.7M(d)
=+$11.7M

Dev. program
covering all
options
(optional testing)

Cuts operating
costs, rides
through faults,
gives greatest
operational
flexibility

+1yrs$22.9M(d)
+$2.7M(c)
=+$25.6M

(=$46.5M)

+$9.7M(d)Replace CCDTL
with SCRF Spoke
Cavities and CCL
with ββββ=0.48 SCRF
(optional testing:
LEDA and ββββ=0.48 )

Cuts operating
costs, reduces
number of beam
interrupt faults

+0yrs+$4.4M(a)

+$2.7M(c)
=+$7.1M
(=+$9.9M)

Replace CCL with
ββββ=0.48 SCRF

(optional testing
for ββββ=0.48 )

NC design
further along

+0yrs+$4.4M(a)+$2M(b)ADTF baseline =
optimized 13-mA
design with CCDTL
and CCL

NotesSched.
Impact#

ED&D
cost

Cap Cost
(~$0M AES
Difference)

ADTF
Configuration

*Total linac operating costs ~ $23M/yr (82%avail & 90%sched);  # Assuming mid-03 start of  final
design on linac sections;  Dev. cost for: (a)=CCDTL, (b)=CCL, (c)=0.48, (d)=spoke; 30% cntgcy
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Superconducting Solenoid Modeling 4/12/01

We started our effort to design a superconducting linac last fiscal year as part of the
Accelerator Transmutation of Waste Project. That design included the use of
superconducting solenoids in the cryomodules to focus the beam. As part of this effort we
did some preliminary modeling of the solenoid geometry and examoned the effects of
using a field clamp to reduce the fringe field seen by the nearby accelerating cavity
(spoke cavity). The results of our modeling effort to date are given in the attached
memorandum.

We chose to model only the Section 1 solenoid with the hope that this would allow us to
draw general conclusions about the effectiveness of field clamping throughout the
machine. We assumed the maximum field required for that design layout, namely 5.5 T.
You will notice from our present parameter table that the solenoids will operate over a
range of values (1.8T — 5.6T) throughout the machine, with most magnets operating well
below the maximum. The solenoid length that was used is 15 cm. The solenoid ID is
assumed to be 7 cm to allow room for the beam pipe. A cavity bore diameter of 6 cm was
assumed. We presently have a 4-cm bore diameter in Section 1 as a result of MAFIA
cavity simulations and the desire to maintain a high transit-time factor in the β=0.175
spoke cavities. In our example, the distance between the end of the solenoid and the
cavity was 10 cm, based on a previous, non-realistic cryomodule layout. You will notice
that this distance has now been increased to 30 cm and based on the modeling results,
should eliminate any concerns about flux trapping in the cavities assuming field clamping
is used.

We have also communicated with SC solenoid vendor. They claim that another option
would be to use bucking coils at the ends of the solenoid. They did some modeling using
the geometry of one of their solenoids that would meet our requirements and concluded
that they could reduce the field on-axis to below 0.1T. I assume, as is the case in our
results, that the field at the surface of the cavity is orders of magnitude lower. This was a
verbal communication and so I don t have their modeling data to compare with the field
clamp results.

If you have any further questions, please feel free to contact me.

Bob Garnett
505-665-2835
rgarnett@lanl.gov
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Los Alamos
NATIONAL LABORATORY

memorandum
Los Alamos Neutron Science Center, LANSCE-1
Accelerator Physics and Engineering Group

SUBJECT: SC SOLENOID MODELING FOR ATW

We have proposed using superconducting solenoids for transverse focusing of the beam in the
ATW Advanced Superconducting Design Example [1]. Figure 1 shows the proposed cryomodule
layout. As can be seen, two of the cavities in the cryomodule are positioned closely to a solenoid.
In a previous memorandum [2] we discussed the effects of stray magnetic fields from the SC
solenoids on the performance and operation of the SC cavities. In that paper we used anlytical
expressions to estimate the stray magnetic fields that would be seen by a SC cavity for the
apertures and distances we have selected. Based on our results, it will be necessary to modify our
advanced ATW SC design example. David Barlow (LANSCE-1 magnet physicist) believes that
it may be possible to substantially reduce the ambient magnetic fields through the use of field
clamps on the solenoids. Below we present the results of his first computer modeling attempt to
calculate the stray fields and the effectiveness of using a field clamp.

Figure 1 – Proposed ATW SC Design cryomodule layout.

The SC solenoid specified for Section 1 of our design example was modeled. Figure 2 shows the
geometry and dimensions used for the calculations. The ID of the coil is assumed to be 7.0 cm to
allow room for the 6.0 cm OD beam pipe. A 6.0 cm cavity bore diameter has also been assumed
here. The solenoid length is assumed to be 15 cm. The closest distance between the end of the
solenoid and the cavity is assumed to be 10 cm (At z= 17.5 cm where z= 0 at the solenoid
center).

For modeling purposes, the field clamp material is assumed to be C1006 low-carbon steel. Figure
3 shows a comparison between the analytical solution, and the finite-element analyses with and
without a field clamp, of the on-axis magnetic field as a function of distance from the solenoid

To/MS:        Distribution
From/MS:    Robert Garnett, H817
Phone/Fax:  5-2835/5-2904
Symbol:       LANSCE-1:00-090
Date:           September 28, 2000
Email:          rgarnett@lanl.gov
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2

center. The analytical calculation assumes an infinite boundary condition (z= ∞). The finite-
element calculations assume boundaries at a radius of r= 22 cm and z=50 cm. This difference in
boundary conditions leads to the observed disagreement between the analytical and the finite
element calculations for the case with no field clamp. The field clamp being considered is more
of a yoke than a clamp. Figure 4 shows an expanded view in the region of interest near the SC
cavity (z=17.5 cm). At z= 17.5 cm, the field clamp appears to reduce the stray fields from 0.23 T
to 0.07 T, a factor of approximately 3.3 reduction. Figure 5 shows the z-component of the field at
z= 17.5 cm as a function of radius (R). Note the even more dramatic reduction in stray magnetic
field off-axis with the clamp.

Our conclusion, therefore, is that the addition of a field clamp should be able to dramatically
reduce the stray magnetic fields seen by the SC cavities in the linac to levels well below the
required 0.1 T while the magnets are on. Magnetic shielding will still be required to shield the
cavities from the Earth’s magnetic field and from the residual magnetization of the steel in the
clamp (approximately 10 Gauss) so that the cavities will not trap magnetic flux as they are
cooled through the SC transition.

References:

[1] R. Garnett, “ATW Advanced Superconducting Design Example,” Los Alamos National
Laboratory Memorandum, LANSCE-1:00-55, July 10, 2000.
[2] ] R. Garnett, “ATW Advanced Superconducting Design Example and the Use of SC
Solenoids,” Los Alamos National Laboratory Memorandum, LANSCE-1:00-070, August 16,
2000.
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3

Figure 2 – Geometry and dimensions used for the finite-element modeling of the SC solenoid
and field clamp.

Figure 3 – Comparison of the analytical and finite element solutions for the on-axis magnetic
field as a function of z-distance from the solenoid center.
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Figure 4 – Expanded view comparison of the solutions with and without a field clamp near the
position of the nearest SC cavity (z=17.5 cm).

Figure 5 – Axial (z) component of the magnetic field at z= 17.5 cm as a function of radius (R)
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Distribution:
T. Bhatia, LANSCE-1, H817
B. Blind, LANSCE-1, H817
D. Chan, APT-TPO, H816
P. Colestock, LANSCE-9, H851
A. Jason, LANSCE-1, H817
F. Krawczyk, LANSCE-1, H817
R. LaFave, LANSCE-1, H817
G. Lawrence, APT-TPO, H816
W. Lysenko, LANSCE-1, H817
T. Mottershead, LANSCE-1, H817
F. Neri, LANSCE-1, H817
G. Neuschaefer, LANSCE-1, H817
D. Rees, SNS-02, H827
L. Rybarcyk, LANSCE-1, H817
R. Sheffield, APT-TPO, H851
D. Schneider, APT-TPO, H816
D. Schrage, LANSCE-1, H817
S. Schriber, LANSCE-DO, H845
V. Smith, APT-TPO, H816
T. Wangler, LANSCE-1, H817
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Frequency Change With Tip Position

" Qext (100 mA) = 1.9e5      ⇒  tip @ 7 mm (back into pipe)
" Qext(13.3 mA) = 1.4e6      ⇒  tip @ 20 mm (back into pipe)

" Frequency (7 mm) = 346.65 MHz
" Frequency (20 mm) = 346.21 MHz
" ∆f = 440 kHz  « 3 times nominal excursion of 55 mils

" While this might be feasible at 4 K, it uses all margin,
thus it is more prudent to add provisions for re-setting
the cavity frequency if the beam-current should be 
changed. 

" The procedure could use a turn-buckle on the tuning
rods and the possibility to re-center the tuner position
to re-gain the full tuning range.
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